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The Hylleraas Centre is a Norwegian Centre of Excellence (CoE) shared
equally between the University of Oslo (UiO) and UiT The Arctic
University of Norway (UiT), with UiO as project owner. It receives
an annual funding of 15 million NOK from the Research Council of
Norway. In addition, it receives substantial financial support from
UiO and UiT. The centre was established on October 1st 2017 for a
period of six years with the possibility of an extension for a further
four years following a mid-term evaluation.
The Hylleraas Centre is one of 23 national CoEs in Norway. The goal
of the CoE program is to stimulate Norwegian research groups to
establish larger units focusing on frontier research at a high international level and to raise the quality of Norwegian research.
The Hylleraas Centre aims to develop and apply computational methods to understand, interpret, and predict new chemistry, physics,
and biology of molecules in complex and extreme environments.
It has an extensive visitors’ program for scientists from around the
world, as well as for PhD students and postdocs from other research
groups who wish to benefit from the expertise at the centre.
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From the Directors

–

From the Directors
The third full year of operation of
the Hylleraas Centre was marked
by the COVID-19 pandemic—travel
was suspended, meetings were
moved online, postponed or cancelled, ongoing visits were disrupted and planned visits were
cancelled. In spite of the pandemic, 2020 was in many ways a good
year for the centre, with several
scientific highlights.

–
Because of the COVID-19 pandemic,
2020 became an unusual year. Our normal operations were disrupted with the
national lockdown on March 12 — in
the weeks that followed, we worked
from home, learning to communicate,
meet, and teach online by means of
video conferencing software. Ongoing
visits were interrupted and planned
visits were cancelled, conferences and
meetings were moved online, postponed
or cancelled, PhD defences were held
online or in a hybrid fashion, and outreach suffered. Some normality was
restored during the summer but in the
late autumn the second wave of the
pandemic once again forced us to work
from home. With the remarkably rapid
development of powerful vaccines, we
are hoping to establishing a new, albeit
slightly different, normality, in 2021.
As theoretical chemists, we are in a
privileged situation in the pandemic.
Our tools are computers, which we can
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access from home just as easily as from
the office. To a large extent, therefore,
our research has proceeded as normal
during the pandemic, although we have
missed the stimulus of spontaneous
scientific discussions during the lockdowns. Free from the constraints of
physical presence, our seminars and
PhD defences were better attended
than before.
There are no signs of our scientific
production slowing down, at least in
the short term. Indeed, with the publication of 65 articles in international
journals, 2020 was an active year for
the Hylleraas Centre, bringing our total
number of published papers to more
than 200 at the end of the year. As in
previous years, our publications reflect
the breadth of our research: mathematical analysis, development of new algorithms and computational models, implementation and distribution of these
methods in advanced software, and
the application of computational tools
to study challenging and important
problems in chemistry, physics, and
biology. In particular, we congratulate
Odile Eisenstein and Michele Cascella
on their article The Grignard Reaction—
Unravelling a Chemical Puzzle, published
together with our previous PhD student
Dr. Raphael Peltzer and with Prof. Jürgen Gauss of the Johannes Gutenberg
University Mainz. The paper received
much attention after being published
in the Journal of the American Chemical Society in early 2020, with about
25,000 views and 10 citations within
one year of its publication. Their work

is an excellent illustration of how modern computational techniques, in the
hands of the best scientists, can unravel
the complexity of chemical processes
normally hidden to us.
Another indication of the quality of the
science at the Hylleraas Centre is our
ability to attract external funding. In
2020, our members secured no less than
four FRIPRO Researcher Project grants
from the Research Council of Norway,
with one additional grant won by an
affiliate. In addition, Dr. Marius Kadek
won an MSCA Global Fellowship grant.
Our scientific activities are critically
dependent on external funding, without
which our goals cannot be reached. To
ensure continued success in attracting funding, we therefore initiated in
2020 a system for internal review of
all proposals, to help young as well as
established researchers improve their
proposals. An additional benefit of
the internal review is improved communication and appreciation of work
across research themes and groups at
the centre.
Two important annual events for the
members of the centre are the Hylleraas
Annual Meeting (normally held in the
spring) and the Annual Meeting of the
Division of Quantum Chemistry and
Modelling of the Norwegian Chemical
Society (normally held in the autumn).
Be rescheduling the Hylleraas Annual Meeting from March to August, we
were able to hold a physical meeting
at Sundvolden Hotel near Oslo, giving

our members a rare opportunity to meet
in person during 2020. The meeting of
the Division of Quantum Chemistry and
Modelling was held online in November.
The Young Researcher Parliament (YRP)
contributed to the centre in several important ways during 2020. Together
with Thomas Bondo Pedersen, Dr. Abril
Castro and PhD student Julie Héron of
the YRP organized a number of online
events in June as well as the physical
meeting at Sundvolden Hotel in August. In 2020, the YRP also introduced
Alumni Talks, in which alumni of the
Hylleraas Centre (and its predecessor
the Centre for Theoretical and Computational Chemistry) speak about their
work and career after leaving the centre, to motivate and inspire our young
members in their work. The three alumni talks given in 2020 were greatly appreciated by students and staff alike.
We would like to thank the YRP representatives Abril Castro, Karolina Eikås,
Julie Héron, Lukas Konecny, Samiran
Sen, and Ryan Scott Wilkins for their
contributions to the centre in 2020.

An important work at the Hylleraas
Centre is the development of advanced
software, covering a wide range of time
and space scales. In 2020, we initiated
work on the Hylleraas Software Plat-

Two members received honours in
2020. We congratulate David Balcells,
who won the Young Researcher Award
from the Spanish Royal Society of
Chemistry, and Fabian Faulstich, who
won the Longuet-Higgins Early Career
Research Prize of Molecular Physics. Congratulations also go to Jógvan Magnus
Haugaard Olsen, who received a prestigious Villum Young Investigator Grant
from the Villum Foundation, allowing
him to set up his own research group
in Denmark.
At the end of 2020, Odile Eisenstein
and Kathrin Hopmann stepped down as
Principal Investigators (PIs) of Research
Theme 5 (RT5) Chemical Transformations. While Eisenstein will continue
as an active member of the Hylleraas
Centre, Hopmann leaves to devote her
full time to her own large research portfolio. We would like to thank both of
them for the important work they have
done in building up strong activities in
computational chemistry at the centre.
They are succeeded by David Balcells
and Ainara Nova — two active, excellent
young researchers who have contribut-

ed strongly to the Centre for Theoretical
and Computational Chemistry (CTCC)
and to the Hylleraas Centre. We welcome both to the PI group of the centre.
The pandemic has taught us many
things and forced us to reconsider much
that has been taken for granted. The
importance of science is one lesson for
society — but a lesson we as scientists
already knew. A second lesson concerns
ourselves more directly: as scientists,
we can work more efficiently and be
more environmentally friendly by travelling less, making use of modern videoconference techniques. At the Hylleraas
Centre, we were already familiar with
videoconferencing, using it regularly for
our Friday seminars and the monthly
meetings of the Management Team,
but the pandemic has taught us how
to collaborate more effectively by using
online tools — not only at the centre
and between the nodes but also in our
collaborations with researchers at other
institutions all over the world.
Finally, we would like to thank all
members and affiliates of the Hylleraas
Centre for their great work in the difficult year 2020, as documented by this
Annual Report.

(Photo: Ansgar Valbø/NORA)

In 2020, we began preparations for the
Hylleraas School—a six-day event for
all members of the centre, with one
day devoted to each research theme.
Combining educational presentations
with exercises and group work, the
school aims to raise awareness among
the centre members of the research at
the centre and to foster cross fertilization between the research themes beyond what is already achieved through
scientific presentations at our Friday
Seminars and Annual Meetings. The
first Hylleraas School was planned for
January 2021 but was later postponed
because of the pandemic.

form, to link all computational and
development activities at the centre,
as described elsewhere in this report.

Prof. Trygve Helgaker

Prof. Kenneth Ruud

Director			

Deputy Director
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From the Board of Directors

–

From the Board
of Directors
The Board is pleased to learn that
the Hylleraas Centre has managed
well during the difficult year of
the pandemic but expects the
centre to evaluate the actions
taken and to set a strategy for
communication and interaction
at the centre once society returns
to normal. We thank Profs. Odile
Eisenstein and Kathrin Hopmann
for their important contributions
as principal investigators at the
Hylleraas Centre and welcome
Drs. David Balcells and Ainara
Nova as new principal investigators.

–
Because of the pandemic, 2020 has been
a difficult year for the Hylleraas Centre,
as it has been for the rest of society, in
Norway and abroad. The centre has
been able to meet these challenges
in an exemplary way and the Board
congratulates the centre members and
leadership on reinventing their practices and innovating how to facilitate

8
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and support scientific collaboration on
digital platforms. In this manner, the
centre has maintained its high level of
scientific activity during the pandemic.
The Hylleraas Centre was well prepared
to meet these challenges. Over many
years, online seminars and interactions
had been an integral part of the collaboration within the centre, necessitated
by the geographical distance between
the two nodes. The Board is happy to
see that the centre has built on this
foundation to introduce new online activities, critical for the well-being of its
staff members and for keeping scientific
collaboration alive: online conferences,
online PhD defenses, informal social
events, and new online activities.
The use of digital platforms as the primary, and during 2020 at times the
only, means of communication has
lowered the barriers between the two
nodes of the Hylleraas Centre. As such,
we expect to see increased collaboration
between the nodes, which will further
strengthen the research at the centre.
Indeed, as this Annual Report highlights,
collaboration between the nodes is increasing. The Board expects the centre
to evaluate the different actions taken

and set a strategy for communication
and interaction in the centre once society returns to normal. This should
include a strategy for outreach to the
international scientific community.
The Board is happy to see that the
Young Researcher Parliament (YRP)
has in a very short time become an important active participant in the development of the Hylleraas Centre. The
innovative new activities originating
from the young researchers and their
active involvement in shaping their
own futures will help strengthen the
centre’s activity for building the careers
of young research talents working at
the centre. We would like to thank all
the young researchers for their active
participation in the YRP and, in particular, the first representatives of the
YRP, Dr. Abril Castro, Karolina Eikås,
Julie Heron, and Dr. Lukas Konecny. We
also welcome Samiran Sen and Ryan
Wilkins as new YRP representatives.
As Profs. Odile Eisenstein and Kathrin
Hopmann are now stepping down as
principal investigators, we would like
to thank them for their great scientific
contributions to the Hylleraas Centre
and for their active involvement in

shaping the centre. At the same time,
the Board is happy to see that the centre
has been able to develop young research
talents that are exceptionally well qualified to take on a more leading role in
the centre as new PIs, and we welcome
Drs. David Balcells and Ainara Nova to
the leadership of the centre.
The Board applauds the centre’s strategy

for developing competitive research
proposals through internal review processes. This strategy is already starting
to pay off and the Board would like to
congratulate Michele Cascella, Odile
Eisenstein, Lukas Konecny, Ainara Nova,
Michal Repisky, and Kenneth Ruud on
securing external grants from the Research Council of Norway, allowing the

scientific activities of the Hylleraas Centre to expand in the years to come. As
Horizon Europe is now being launched,
the Board hopes that these measures
will also help secure projects from this
large research program.

Unni Olsen (chair)

Camilla Brekke

Atle Jensen

Nathalie Reuter

Kajsa Ryttberg–Wallgren

Professor
Dept. Chemistry
UiO

Professor
Dept. Phys. Tech.
UiT

Professor
Dept. Mathematics
UiO

Professor
Dept. Bio. Sciences
UiB

Vice President
Vacuum Conveying Division
Piab Group, Sweden
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From the Young Researchers

–

From the Young
Researchers
The Young Researcher Parliament plays an important role at
the Hylleraas Centre — in particular, in the difficult pandemic year
2020. In addition to organizing
the physical Hylleraas Annual
Meeting, it introduced several
online events in 2020, including
Alumni Talks and Five-Minute
Thesis Presentations.

–
The Hylleraas Centre is committed to realizing an inclusive work environment,
where the young researchers can actively shape their career development,
define their own research lines, and at
the same time contribute to fulfil the
long-term scientific goals of the centre.
In 2019, the Young Researcher Parliament (YRP) of the Hylleraas Centre was
officially established. Our vision is to
create a platform to voice our opinions
and take part in the decision-making
processes at the Hylleraas Centre.
The YRP representatives facilitate the
exchange of information and opinions
between the Management Team and
the young researchers at the centre.
PhD students, postdoctoral fellows, and
other young researchers with a temporary position at the Hylleraas Centre are

10
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taking advantage of this opportunity to
submit their own proposals and views
on how to develop the centre. Right
now, the young researchers have the
right to make recommendations on how
things are run on a day-to-day basis at
the centre.
During 2020, the YRP was involved
in a range of activities and events at
the centre. For the first time, the YRP
representatives in Oslo co-organized
the Hylleraas Annual Meeting, during
which the YRP annual assembly was
held. Here we shared ideas for improving the engagement of the young
researchers and discussed up-coming
events, budget expenses, election of
representatives, and other matters.
An important mission of the YRP is to
motivate and support young researchers in their professional development
training and career planning. In 2020,
we initiated two annual events focused
on young researchers: Alumni Talks
and the Five-Minute Thesis (5MT) presentations. As described elsewhere in
this report, we organized three online
alumni talks and two online 5MT sessions, where students presented their
research in an engaging and compelling
way in five minutes or less. This new
activity was also an excellent opportunity to raise awareness of the diverse

expertise at the centre and to expand
collaborations between the different
research themes.
The year 2020 was a special year and
staying connected became more important than ever. Usual social gatherings
could not take place and we came up
with virtual alternatives such as a social lunch where friendly faces shared
a laugh before the weekly seminars,
a Friday virtual pub at the end of the
working week, and online games for
the young researchers.

Abril Castro

The YRP is managed by two elected
representatives from each node of the
centre. This year, an election was organized in each node to replace Julie
Héron at UiO and Lukas Konecny at
UiT. We want to thank them for their
active participation and input. The new
elected representatives are Samiran Sen
(UiO) and Ryan Scott Williams (UiT). We
are looking forward to working together
as a team in the coming year.

Karolina Eikås

Samiran Sen

Ryan Scott Wilkins

Elected YRP representatives 2020
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2020

Picture 1:
Cover illustration for Zeitschrift für
anorganische und allgemeine Chemie
from publication by F. Gomez-Alcocer,
A. C. Castro, J. O. C. Jimenez-Halla,
N. Saldana-Pina, M.V. Basavanag,
J.E. Baez-Garcia, J. Bonilla-Cruz,
J.A. Lopez, and G. Gonzalez-Garcia,
Neutral Hexacoordinate Tin(IV) Halide
Complexes with 4,4'-Dimethy-2,2'-bipyridine, Z. Allg. Anorg. Chem., 2020.
646, 1274–1280.

in Brief

Publications
Members of the Hylleraas Centre published 65 articles and two book chapters
in 2020, bring our total scientific production to more than 200. Most articles
were published in the Journal of Chemical
Theory and Computation and Molecular
Physics, followed by the Journal of the
American Chemical Society and Physical
Chemistry Chemical Physics. At the end
of 2020, the articles published by the
Hylleraas Centre since October 2017 had
been cited nearly 1000 times (excluding
self-citations), with an H index of 17.
About 30 of the papers published in
2020 concern theoretical or methodological developments, including fundamental studies of density-functional
theory and coupled-cluster theory, the
development of multiscale methods
and of the hybrid-particle field model,
and theoretical studies of molecules
in extreme environments. The publication "A state-specific multireference
coupled-cluster method based on the bivariational principle" (Kvaal og Bodenstein,
Journal of Chemical Physics, 2020, 153,
024106) presents a new approach to
strong electron correlation, perhaps
the most important unsolved problem
in quantum chemistry. Five papers that

Meetings and Conferences
describe the program packages Dalton,
Dirac, MiMic, MOLCAS, and ReSpect, to
which members of the Hylleraas Centre
have made important contributions,
were published in 2020.
About 35 of our published papers in
2020 are computational in nature,
including studies in spectroscopy,
catalysis, organometallic chemistry,
and solvation. The article The Grignard
Reaction — Unraveling the Puzzle (Peltzer
et al., Journal of American Chemical Society, 2020, 142, 2984) had more than
25,000 views and 10 citations within
one year of its publication. A noticeable
trend in our research is towards more
complex systems and time-dependent
phenomena, in both applications and
development, in line with the scientific
vision and goals of the centre.
Several researchers at the Hylleraas
Centre are now turning their attention
to the opportunities offered by machine
learning — three publications involving
machine learning were published by
members of the centre in 2020, pointing
towards strong activities in this area in
the future (Picture 1).

The annual Dalton Developer Meeting
was held in Tromsø January 18–19 2020
with 14 participants, followed by the
annual Haraldvollen Hackathon in Bardufoss on January 20–24. The Hylleraas
Annual Meeting was held at Sundvolden
Hotel on August 10–12 2020, having
been rescheduled from March. In the
meantime, a number of online events
were held in June, including presentations of own work by students and talks
on machine learning and presentation
techniques.
On September 2–4 2020, the Faraday Discussion New Horizons in Density Functional Theory was held as an online event,
chaired by Hylleraas Adjunct Professor
Andy Teale with Trygve Helgaker in
the Scientific Committee. The meeting,
originally planned as a physical event at
the University of Cambridge, attracted
nearly 200 participants.
The 2020 National Meeting of the Division of Quantum Chemistry and Modelling
of the Norwegian Chemical Society was
organized online by Luca Frediani on
November 9–10 2020. The meeting was
supported by the Hylleraas Centre and
attended by many of its members.
The Almlöf–Gropen Lecture 2020 was
postponed to 2021.
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Picture 2: Lukas Konecny's popular science
talk "Relatívne presná chémia" (Relatively
accurate chemistry) is available on YouTube.

Picture 3: At the virtual LatinXChem 2020 conference, more than
1100 scientists participated in a poster session via Twitter, highlighting
research in eleven categories. Abril Castro won second place in the
category Chemical Physics for her poster. Relativistic and dynamic effects
are needed to correctly model the 1H NMR chemical shifts of an iridium
polyhydride cluster.

Outreach and Dissemination
Outreach and dissemination were both
reduced in 2020 as result of the pandemic. Trygve Helgaker gave a popular science talk Quantum Chemistry — A
Matter of Life and Death at the Hybrid
Technology Hub, a Centre of Excellence
at the Faculty of Medicine, University
of Oslo in October 2020. Helgaker also
gave three presentations at the University of Oslo as an inspiration for
applicants for new Centres of Excellence from 2022. Lukas Konecny gave a
popular-science presentation Relatívne
presná chémia (Relatively accurate chemistry) for the general public in Slovakia,
as part of the Vedátor lecture series — in
normal times given at cafés but online
during the pandemic (Picture 2). In addition, several members of the Hylleraas
Centre gave guest lectures about their
work at institutions in Norway and
abroad (Picture 3).
In November 2020, Titan, an online
journal for science and technology at
the University of Oslo, published an article Kjemi-forskere brukte Poirot-logikk for
å avsløre Grignard-reaksjonen, featuring
an interview with Michele Cascella and
Odile Eisenstein about their work on
the Grignard reaction (Picture 4).

Picture 4:
Illustration in Titan featuring Michele Cascella, Odile Eisenstein
and Hercule Poirot. Photo montage: Bjarne Røsjø, reproduced
with permission.
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2020 in Brief
–

Training and Career Support
The Young Researcher Parliament (YRP)
organized several events targeted towards the younger members of the Hylleraas Centre in 2020, including three
online events with Five-Minutes Thesis
(5MT) presentations of master and PhD
students at the centre and three online
Alumni Talks by previous students from
the theory groups in Oslo and Tromsø.
In addition, two talks by Communication
Advisor Elina Melteig, on presentation
techniques and popular-science writing, were targeted towards the young
members of the centre. Together with
Thomas Bondo Pedersen, Abril Castro of
the YRP was the main organizer of the
Hylleraas Annual Meeting at Sundvolden Hotel. In 2020, Samiran Sen (UiO)
and Ryan Scott Williams (UiT) replaced
Julie Héron and Lukas Konecny, respectively, as new YRP representatives.
On February 17, Trygve Helgaker gave a
talk Chemistry in a Strong Magnetic Field
at the Virtual Winter School on Quantum
Chemistry, for an international audience
of primarily young quantum chemists.
The Virtual Winter School has been

14
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Visitors
organized online annually since 2015
by an international team of six theoretical chemists.
A continuous focus in the Hylleraas
Centre is the poor gender balance in
natural sciences. The wide-spread lack
of relevant female role models implies
that many younger female chemists do
not feel welcome in academia, even
today. In 2020, Kathrin Hopmann highlighted an inspiring female role model
in her editorial on the polymer magician Prof. Charlotte Williams (University of Oxford), who uses CO2 to make
sustainable polymers (K. H. Hopmann,
Organometallics, 2020, 39, 3291). The
editorial was downloaded more than
2000 times in the first few months after
coming online.

Because of the COVID-19 pandemic,
the number of visitors to the Hylleraas
Centre was considerably reduced from
previous years, with thirteen visitors to
Oslo and nine to Tromsø. In addition,
some ongoing visits were cut short by
the lockdown in March, including the
long-term visits by Prof. Thereza Soares,
Federal University of Pernambuco, Brazil and Prof. Pedro Perez, Center for
Research in Sustainable Chemistry
(ICQSO), Sevilla, Spain. Professor Jonathan Smith of Temple University, USA,
continued his long-term visit to Oslo,
staying on for a second year in 2020.
In spite of the pandemic, several exchange students arrived at the Hylleraas
Centre in the second half of 2020. Laurenz Monzel from the Karlsruhe Institute of Technology, Germany, visited
Oslo for five months, financed by an
Erasmus Scholarship. PhD student
Maria Moreno Alcaide and Dr. Raquel
Jiménez Rama from the University
of Sevilla, Spain, arrived in Oslo in
October, staying on for three and six
months, respectively.

Picture 5: The recipients of the Villum Young Investigator
Grant in 2020. Foto: Thomas Frandsen

Personnel

External Projects
and Funding

Two members of the Hylleraas Centre received honours in 2020. David
Balcells won the Young Researcher
Award from the Spanish Royal Society
of Chemistry, while Fabian Faulstich
won the Longuet-Higgins Early Career
Research Prize of the journal Molecular
Physics.

The outcome of the 2020 FRIPRO call of
the Research Council of Norway (RCN),
announced in December 2020, was a
great success for the Hylleraas Centre,
with four grants won by our members
and one by an affiliate. Three FRIPRO
Researcher Projects were awarded:
Odile Eisenstein and Michele Cascella
for Revealing the Elusive World of MainGroup Organometallic Chemistry: An Adventure with Computational Chemistry,
Ainara Nova for MOF Based Single-Site
COOperative Catalysis for CO2 Hydrogenation (CO2pCat), and Kenneth Ruud and
Michal Repisky for EPR and Paramagnetic
NMR of Solids from Relativistic Two- and
Four-Component Density-Functional Theory.
Lukas Konecny won a Mobility Grant
for the project Linear and Nonlinear
Response Properties and Spectroscopy of
Solids from Relativistic TDDFT, allowing
him to visit Prof. Angel Rubio at the
Max Planck Institute for the Structure
and Dynamics of Matter in Hamburg,
before returning to the Hylleraas Centre
for one year.

Jógvan Magnus Haugaard Olsen received a prestigious Villum Young Investigator Grant from the Villum Foundation, allowing him to establish his
own research group in Denmark. Olsen
was one of only 15 young investigators
out of 199 applicants who received this
grant (Picture 5).
Trygve Helgaker was elected group
leader for chemistry at the Norwegian
Academy of Science and Letters from
2021, taking over in this capacity from
Einar Uggerud.
Five members of the Hylleraas Centre
defended their PhD theses in 2020:
Sigbjørn Løland Bore (UiO), Fabian
Maximilian Faulstich (UiO), Ljiljana
Pavlovic (UiT), Marc Obst (UiT), and
Jon Austad (UiO).

In addition, Hylleraas Affiliate Reidar
Lund was awarded the Researcher
Project Assembling against Resistance:
Antimicrobial Nanoparticles through Molecular Self-Assembly from the Research
Council of Norway in 2020.

Management
The Management Team met ten times
during 2020, while the Board of Directors met once, on November 4 2020.
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Egil A. Hylleraas
The Norwegian physicist Egil A. Hylleraas (1898–1965) helped usher in the
era of scientific computing by carrying out accurate calculations on helium,
thereby confirming the validity of quantum mechanics for more than one particle (1929), by predicting the stability of the hydrogen anion, later detected
in the Sun’s atmosphere (1930), and by performing the first calculation of the
cohesive energy of a molecular crystal, LiH (1930). In 1933, he introduced
the term “kvantekjemi” into the Norwegian language:

“Idet jeg avslutter den utredning håper
jeg at tilhørerne vil ha fått et inntrykk av
at der nu foreligger ganske vidtrekkende
muligheter for å bygge op en teoretisk
kjemi, en kvantekjemi, på samme grunn
lag som den fysikalske kvanteteori.”
English translation:
“In closing my presentation, I hope to
have convinced the audience of the
far-reaching opportunities that now exist
for establishing a theoretical chemistry, a
quantum chemistry, on the same footing
as the physical quantum theory.”
“Importance of wave mechanics for
understanding the chemical bond.”
(1933)
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IMS news

The Hylleraas Centre appeared in the March 2020 issue
of IMS Letters of the Institute for Molecular Science
(IMS) in Okazaki, Aichi, Japan. Reproduced with
permission of IMS.
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Research
Highlights
–
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The Hylleraas Centre carries out research on a
broad range of topics in theoretical chemistry,
with relevance not only to chemistry but also
to physics, biology, and other related fields of
science. Four such research topics are here
highlighted, showcasing recent and ongoing
work at the centre, including work in fundamental
theoretical chemistry, the development of new
computational methods and techniques, and
the use of computational chemistry to address
challenging questions in modern science, often
in collaboration with experimentalists.
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Research Highlights

–

The Grignard Reaction Mechanism:
A Cold Case Solved by Computation
Michele Cascella and
Odile Eisenstein

–

Simplicity can be deceptive:
textbook reactions of chemistry
may appear simple but advanced
computation reveals a complex
world of rapidly interconverting
species that enter competing reactions with active participation
of the solvent. Case in point — the
Grignard reaction.

In 1900, a young French chemist, Victor
Grignard, working on his doctorate
diploma, discovered that an organometallic reagent, RMgX, reacts with
aldehydes and ketones in an ethereal
solvent to yield new carbon–carbon
bonds. Addition of water yields an alcohol (Figure 1).
In RMgX, R represents an organic group
and X is a halide, usually chloride or
bromide. The solvent is often diethyl
ether or tetrahydrofuran. This reaction
was immediately extensively used by
the chemical community — RMgX was
named the Grignard reagent and its reaction with aldehydes and ketones is
known as the Grignard reaction. This
efficient and convenient reaction paved
the way for modern synthetic chemistry, as recognized by the award of the
Nobel Prize in Chemistry to Grignard
in 1912, only 12 years after the publication of the first experiment [1]. More

–
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than a century later, this reaction still
plays a central role in the synthesis of
numerous products including drugs and
polymers. It is widely used in research
and industry, contributing to an annual
market revenue of billions of US dollars.
Remarkably, over the years, the structure of the solvated Grignard reagent
could not be determined. In 1929, father
and son Schlenk discovered that RMgX
exists in solution in equilibrium with
R2Mg and MgX2 but the mechanism responsible for this Schlenk equilibrium
remained undetermined in the decades
that followed. From various experimental studies, it slowly emerged that RMgX
adopts many rapidly interconverting
structures, which are impossible to isolate and characterize. Since the nature
of the Grignard reagent was unknown,
the mechanism of the Grignard reaction
could not be determined. Because of
the R(–δ)–Mg(+δ) bond polarization, it was
first believed that the R group acts as a

Figure 1: The Grignard reaction, creating a carbon-carbon
bond (blue). Here R represents an organic group, while
X is a halide. Illustration by Odile Eisenstein.

nucleophile, in the form of an anionic
R– group. Later, new experimental evidence suggested competition from an
electron-transfer reaction with ketones
such as Ph2C=O or fluorenone, but the
extent of the competition between nucleophilic addition and electron transfer
remained unclear.

Molecular-dynamics simulations
As theoretical chemists, we were fascinated and provoked by the fact that
such a fundamental reaction had not
yet been understood. The complexity
of the experimental situation provided
an additional strong motivation for our
computational study, carried out by
Hylleraas PhD student Raphael M. Peltzer under the supervision of Michele
Cascella (RT2) and Odile Eisenstein
(RT5) in collaboration with Professor
Jürgen Gauss (Johannes Gutenberg
University Mainz) [2]. To represent the
rapidly evolving species in an adequate
manner, it was essential to use a meth-

odology that would properly represent
the dynamics of solutes and solvent.
We therefore used ab initio molecular
dynamics (AIMD) in our study, combining high-quality quantum-mechanical
electronic-structure calculations with
time-resolved molecular dynamics.
As a first step, we identified the possible forms of the Grignard reagent in
solution, using CH3MgCl in tetrahydrofuran (THF) as a representative case [3].
The dynamics simulations confirmed
the co-existence of many mono- and
bimetallic magnesium species bonded
via X (chloride) and R (methyl) groups,
rapidly exchanging R and X groups with
a low activation energy under the influence of the dynamics of the solvent.

Nucleophilic mechanism
We next determined the ability of the
different co-existing forms of the reagent CH3MgCl to enter the Grignard
reaction via the nucleophilic pathway.

Adding acetaldehyde to the solution,
we determined the relative efficiency
of each form of the reagent to transfer
its methyl group to the acetaldehyde
carbon, as shown in Figure 1 [2]. The initial structures for the simulations were
obtained by replacing one of the solvent
molecules by acetaldehyde. This can
be done in two different ways — with
acetaldehyde and the methyl groups
on the same magnesium atom (geminal
reaction) or on different magnesium
atoms (vicinal reaction). All combinations for all forms of the reagent were
considered — the most representative
cases are shown in Figure 2.
Remarkably, essentially all Grignard
species contribute to the Grignard reaction, with similar activation energies.
It is notable that a close proximity between the two reagents in a geminal
configuration does not necessarily facilitate the reaction — the fastest reaction
occurs for a complex with two magne-
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Figure 2: Representative complexes. The geminal reaction has the acetaldehyde
and the nucleophilic methyl group (in blue) on the same magnesium atom; the vicinal
reaction has them on different magnesium atoms. Species IV is the most reactive
complex, while species III is the slowest, the reactivity of I and II is close to that of IV.
Illustration: Michele Cascella.

sium centres in a vicinal configuration
(complex IV in Figure 2). In all cases,
the solvent plays a key role in driving
the reaction. Thus, whereas the most
solvated di-magnesium complex has
the lowest activation energy (transition
state in Figure 3), the more abundant but
least solvated di-magnesium complex
III is also the least reactive. In all the
geminal reactions, a solvent molecule
needs to enter the coordination sphere
of the magnesium atom to make the
nucleophilic addition possible. The
highest reactivity of the most solvated di-magnesium complex IV is due
to a combination of factors, including:
high flexibility facilitating the transit
of the aldehyde towards the nucleophile; coordination of the aldehyde by
two magnesium atoms at the transition
state, enhancing its electrophilicity;
absence of any solvent addition at the
transition state, and low entropy costs
compared to geminal routes. Nevertheless, the Grignard reagent is still able
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to react via several parallel pathways
from all its different forms, explaining
why it has been so difficult to interpret
the kinetics of this reaction.

Electron-transfer mechanism
The single electron-transfer mechanism
requires a homolytic cleavage of the
magnesium–carbon bond. The energy
needed for this cleavage is, in general,
significantly higher than that for the
nucleophilic addition. However, the
homolytic breaking of the Mg–CH3 bond
can be significantly enhanced when the
carbonyl substrate coordinates the Mg
centre. In particular, if the carbonyl
group has a low-lying π*CO orbital, the
single electron of the magnesium radical species transfers to the π*CO orbital
of the substrate rather than staying
in the energetically higher magnesium empty orbitals. In this case, the
Mg–CH3 homolytic cleavage becomes
accessible, and the single electron
mechanism turns to be competitive

Figure 3: Transition state associated with the most reactive Grignard species
(IV in Figure 2). Illustration: Michele Cascella.

with the nucleophilic addition. Interestingly, the conjugated groups that
lower the energy of the empty π*CO
orbital also increase the bulkiness of
the substrate, which further disfavours
the nucleophilic addition. The single
electron pathway is thus favoured for
aromatic ketones and not alkyl ketones,
a fact which was recently experimentally confirmed [4] (Figure 3).

All roads lead to Rome
The Grignard reagent and its reaction
are good examples of chemical complexity. Indeed, the Grignard reaction
should not be described as a single process — rather, it should be thought of
as an ensemble of transformations that
can occur simultaneously in solution, all
contributing to the chemical reaction.
The successful determination of the
molecular features of the mechanism
of the original Grignard reaction is a
strong encouragement for exploring
the numerous more efficient and more

selective variants of the Grignard reaction. In these variants of the original
Grignard reaction, other metals such
as Li and Zn are added or a nonmiscible set of organic and green solvents
are used. The recently awarded 2020
FRIPRO Grant from the Research Council of Norway to Cascella and Eisenstein
will allow further exploration of the
fascinating chemistry of alkaline and
alkaline-earth metals to be carried out,
to unravel even more complex reaction
mechanisms.
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Can a Robot Think Like a Chemist?
Predicting Reactivity with Machine Learning
David Balcells

–

In recent work at the Hylleraas
Centre, machine learning has
been used to develop models for
predicting the properties of metal complexes. The complexity of
these chemical systems is tackled
by focusing the model optimization not only on accuracy but also
on explainability and transferability, with the long-term goal of
enabling catalyst discovery within
large chemical spaces.

–
Machine learning
Robots and artificial-intelligence (AI)
systems cannot yet think like a scientist — they cannot solve problems by
reasoning like a scientist, by being creative like a human being, or by learning
how to learn. Such tasks would require
major advances in the field of general AI but, thanks to machine learning
(ML), robotics and AI have in recent
years made major advances across all
sciences, including chemistry.
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ML uses statistics theory to optimize
predictive models based on complex and
large data. Some of the most popular
ML methods such as neural networks
have been used for decades [1], also in
chemistry [2], but it is only since 2000
that the steep increase in computing
power and data availability has made
it possible for ML to solve hard problems like computer vision. ML models
work by predicting target properties
from features describing a system of
interest. They can be used, for example,
to diagnose illnesses from tomography
images or to guide robot motion based
on obstacle recognition.
In chemistry, ML is revolutionizing
drugs and materials discovery [3,4]. In
combination with robotics, it is used to
build automated systems that integrate
chemical synthesis with other complex
tasks such as spectroscopic analysis.
Most research efforts have focused either on organic molecules related to
medicines or on inorganic compounds
related to materials. By contrast, ML at
the interface between of these domains
is largely unexplored. Transition-metal

complexes, the key ingredient of homogeneous catalysis, are a relevant
example of this knowledge gap.

Predicting reactivity
Recent research in RT5 has demonstrated that ML models can be used to
predict reactivity in the fundamental
steps of catalytic processes [5]. In a case
study, the classic example of hydrogen
activation by oxidative addition to Vaska’s complex was considered (Figure 1).
The structure of this iridium compound
was diversified by combining different
ligands, yielding a total of 2,500 complexes. This chemical subspace was
then described with features computed
with autocorrelation functions operating on molecular graphs — the targets predicted by the models are the
distances of the breaking bonds at the
transition states and the associated
energy barriers. The data needed to
optimize the models were computed
quantum-mechanically at the density-functional theory level.
The resulting ML models were based
on three algorithms: 1) neural networks

Figure 1: Machine learning hydrogen activation in the
chemical subspace surrounding the Vaska’s complex.
Illustration: David Balcells.

(for high accuracy with large data), 2)
Gaussian processes (for predictions
with their uncertainty), and 3) gradient
boosting (for feature relevance in the
predictions). On a laptop, these models predicted the energy barriers for
hundreds of complexes in less than a
second, with a mean absolute error of
only 1 kcal/mol. Remarkably, Gaussian
processes achieved this accuracy by
using only 20% of the data available for
training. More recently, we published
the tmQM dataset [6] — a collection of
quantum geometries and properties
for 86,000 metal complexes from the
Cambridge Structural Dataset. In the
future, we will use the tmQM dataset
to expand the scope of ML models in
the vast metal-organic chemical space.
The work on the Vaska’s complex was
carried out by an interdisciplinary team
including Profs. Riccardo De Bin (Department of Mathematics, UiO), Alán
Aspuru-Guzik (Department of Chemistry, University of Toronto), and David
Balcells. The work on the tmQM dataset
was done in collaboration with Bastian

Skjelstad, an MSc student at the Hylleraas Centre, now PhD student at the
Department of Chemistry, University
of Sapporo. Their work was highlighted
on the cover of Chemical Science Volume
11, Number 18, 14 May 2020 (Figure 2).
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Put Some Salt in the Soup!
Understanding the Aggregation of Charged
Systems in Electrolytic Solutions
Michele Cascella

–

Self-aggregation of electrolytic
systems is a complex chemical
process, difficult to characterize
and understand experimentally.
Modern multiscaling techniques
come to the rescue, providing invaluable insight into this ubiquitous chemical phenomenon.

–
The tightest pack
Space optimization is a common task
in daily life. We face it every time we
try to reorganize the books in our library or fit what looked like just a few
small packages into the trunk of our car.
These everyday tasks are examples of
a universal question that, in science,
takes the name of the optimal packing
problem. The riddle posed by it goes as
follows: “Given a number of objects of
a defined shape, what is the best way
of organizing them so that they occupy
the least space possible?”
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Historically, the problem was first addressed in mathematical terms in the
17th century by Johannes Kepler, who
conjectured that a number of equal
spheres are best packed in a hexagonal lattice. This apparently trivial result, which is intuitively exploited by
all greengrocers needing to stock-pile
oranges on their market desks, is in fact
hard to demonstrate mathematically,
the proof of it being obtained only in
1998, not without some controversy

Figure 1: Optimal packing:
the tight hexagonal packing of
coins is incompatible with a square
box. Illustration: Michele Cascella.

Figure 2: Self-aggregation of SDS. The binding free energy of Na+ to SDS promotes the formation
of SDS dimers in an excess of NaCl (left). The different shape of the SDS units (centre) determines
the global morphology of the aggregates (right) [3]. Illustration: Michele Cascella.

[1]. To date, a universal mathematical
solution to the packing problem has not
been found. For example, it is not yet
possible to predict the packing of objects of different shapes or in the presence of boundary conditions (Figure 1).

Effective shape
The determination of optimal packing is
of great interest in molecular sciences
as it constitutes the answer to several
important questions, from protein folding to crystal polymorphism and selfassembly in soft matter. However, when
moving from a purely mathematical to
a physical problem, some terms require
reformulation. First, optimal packing can
no longer be defined in terms of just the
spatial organization of the molecules
but must be expressed as the minimization of an objective function such as the
Gibbs free energy. The problem can still
be thought of as optimal packing but
for objects with some effective shape in
the presence of a confinement potential,
an effective interaction that seeks to
compress the system.

The question then becomes: what is
the effective shape of a molecule? The
answer to this question depends on the
confinement potential and can only be
understood in qualitative terms. Consider an ideal nonionic surfactant, composed of molecules with a small polar
head and a long hydrophobic tail. In
water, the hydrophobic tails will cluster
to escape from the surrounding solvent.
The polar heads, on the other hand, will
remain hydrated, to avoid interactions
with other surfactant molecules. We can
imagine the surfactant to be small in
the tail region, allowing direct contact,
and bulky in the head region, where
the molecular moieties do not touch.
These effects lead to an effective conical
shape, which promotes packing into
spherical micelles, as experimentally
observed.
Reasoning in terms of effective shapes is
intuitive and simple but presumes that
the interactions among the molecules
are weak and limited to the nearest
neighbours. In such cases, the best as-

sembly will be the topological organization that maximizes the correct contacts
between neighbours. But the same line
of reasoning cannot be applied to ionic
systems, which are dominated by longrange electrostatic forces, making the
prediction of the morphology of their
self-assembled aggregates nontrivial
(Figure 2).

Salt to the soup
Sodium dodecyl sulphate (SDS) is a
common ionic surfactant, present in
everyday products such as toothpaste,
shampoo, or detergents. Its simple
chemical structure makes it the perfect
playground for exploring the aggregation properties in charged soft matter.
Pure SDS behaves like a standard surfactant, forming spherical aggregates in
a large range of concentrations above
the critical micellar concentration
(cmc). By contrast, in the presence of
an excess of NaCl, the micelles morph
into microtubular shapes just above
the cmc [2].
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Figure 3: Aggregation of MNPs.
Left: Adsorbed citrate covers ≈22%
of the surface area of the MNP; their
negative charges induce the formation of multi-layered ionic clouds
around it (Top left).

Right: Phase diagram for MNP aggregation as a function of the
ionic strength and of MNP charge [5]. Illustration adapted from
Ref. [5], under Creative Commons licence (CC BY 4.0).

To understand this phenomenon, we
combined small-angle X-ray and neutron scattering (SAXS/SANS) experiments with hybrid particle–field (hPF)
simulations of the SDS+NaCl system [3].
Because of the high efficiency of the hPF
technique, we were able to carry out
simulations of the self-assembly process
at several SDS and NaCl concentrations,
reproducing the change in the shape
of the micelles induced by the salt. In
these simulations, we found that Na+
adsorbed on the surface of SDS micelles
changes behaviour with the shape of
the aggregates — ions bind tightly to
the negative SDS heads in the spherical
micelles but are more diffusely distributed over the microtubular structures.
This change in behaviour of the salt is
related to a qualitative change in the
binding free energy landscape when
several ions are present in solution.
The ions dispersed in solution act as

a smoke screen that weakens the electrostatic interactions in the medium.
The negatively charge SDS heads can
therefore pack more closely than in the
pure system. The result is the formation
of SDS dimers, which, in turn promote
the formation of less symmetric tubular
aggregates (Figure 2).
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Solubilization of nanoparticles
Dissolved salt affects the assembly of
all charged, nano-scale objects. For example, it has a critical role in stabilizing
the colloidal phase of metal nanoparticles
(MNP). Such nanoparticles are formed
by reduction of dissolved metal salts
in the presence of an excess of citrate
ions. The negatively charged citrate
binds to MNPs, blocking their growth
and preventing their precipitation. In
fact, therapeutically administered MNPs
are often found in an aggregated form
inside tissues, where conditions like

pH and ionic strength can be different
from those of the blood stream.
Understanding the effect of ionic
strength on solubilization of MNPs is
complicated. In fact, even the experimental characterization of MNPs is
difficult. For example, independent
measurements of the surface charge
density of gold nanoparticles yield very
different results, from 2.4 to 14.1 e nm–2
[4]. In silico, on the other hand, it is
possible to have total control over the
external conditions, including the size
of the nanoparticle and the chemical
species interacting with it. This facilitates the understanding of the main
driving forces affecting the system and
how they are modulated by the environment (Figure 3).
Combining multiscale modelling at the
all-atom and coarse-grained scales with

umbrella sampling and theoretical thermodynamic cycles, we provided a best
estimate for the effective charge density
of an MNP when coated by citrate, obtaining 4.7 e nm-2, in close agreement
with measurements from combined
infrared and X-ray photoelectron spectroscopy (IR/XPS) [5]. This value corresponds to only a partial coating of the
MNP surface by citrate, a condition that
guarantees solubilization of the MNP
while maintaining its (bio)chemical
functionality. Our simulations revealed
that the dissolved salt forms layered ionic clouds similar to onion shells around
the MNP, depending on the MNP charge
and the ionic strength of the solution
(Figure 3). Ultimately, it is the interplay
between the hydrophobic regions of the
MNP, which promote aggregation, and
the interference of the ionic clouds that
determines the complex phase diagram
of MNP aggregation in water [5].

Importance of multiscale
simulations
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Computational Spectroscopy:
From Pictures to Movies
Abril C. Castro,
Karen O. H. M. Dundas,
Thomas Bondo Pedersen
and Kenneth Ruud

–

The seemingly static spectra that
form the basis of molecular spectroscopy hide a world in constant
motion. Researchers at the Hylleraas Centre aim to elucidate
these hidden motions, from the
motion of the nuclei to the dynamics of the electron density.

–
The interaction of molecules with
electromagnetic waves is an important meeting ground for theory and
experiment. An experimentalist would
shine light on a molecular sample and
record the changes in the electromagnetic wave, either the change in intensity due to absorption or emission of
radiation, or the change in direction
of propagation due to scattering. A
computational chemist, on the other
hand, would calculate the changes in
the electron density or the nuclear
motion following the application of
electromagnetic waves on the molec-
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ular sample. Despite these different
views of the interaction, experimentalists and theoreticians analyse the
observed changes in terms of intrinsic
characteristics of the sample, described
in terms of molecular properties.
In spectroscopic experiments, light is
shined on a sample for extended periods
of time, often seconds or even hours, in
order to obtain accurate measurements.
Such periods are orders of magnitude
longer than those characteristic of the
motion of nuclei and electrons: nuclei
move relative to one another in a few
tens or hundreds of a femtosecond
(10–15 seconds) and the electron density changes even more rapidly, in an
attosecond (10–18 seconds). The recorded
spectrum thus represents an averaged
picture of the motion of the electrons
and the nuclei. Computationally, this
has allowed us to calculate molecular
properties from averages of the electron density at the most likely of the
molecular structures, the molecular
equilibrium geometry.

However, although the resulting stick
spectra give clear indications of the
frequencies where absorption occurs,
the richer band shapes characteristic
of solvent spectra are absent, as seen
from Figure 1. It is common practice to
convolute the theoretical stick spectrum
with a broadened line shape, but this
phenomenological procedure does not
reveal the details of the dynamics nor
is it capable of reproducing the final
details in the shape of experimental
absorption bands. But it is in these finer
details the fascinating, dynamic world
of molecules reveals itself.
Experimentally, great strides are being
made in reducing the time a sample
needs to be exposed to electromagnetic
waves while still being able to record
the response of molecules. This work
relies on the development of more sensitive detectors, stronger light sources,
and shorter pulses, making it possible to
follow molecules at the intrinsic timescales of their constituents, the nuclei
and electrons.

The experimental observation of nuclear motion was pioneered by Prof.
Ahmed Zewail, who received the Nobel
Prize for Chemistry in 1999 for femtosecond spectroscopy, allowing us to peek
into the details of chemical reactions
and molecular dynamics. Building on
the pioneering work by Profs. Gérard
Mourou and Donna Strickland, who
received the Nobel Prize for Physics in
2018, researchers are today creating laser pulses that approach the attosecond
time scale, allowing us to observe and
potentially control the electron density
using spectroscopy.
So far, this fascinating, dynamic world
of molecules has been largely unexplored by computation. The reasons for
this are many but important factors are
the higher cost and higher sophistication of such simulations. However, the
tide is turning — we are increasingly
realizing that the finer details often
hold the most exciting new insights.
Experimental advances allow us to
look into hitherto hidden processes at

the molecular level, while ever more
powerful computers and methodological developments allow computational
chemists to move beyond static pictures
and into the dynamic world of electrons
and nuclei. Researchers at the Hylleraas
Centre have stepped up to this challenge
— in this highlight, we describe three
recent advances made at the centre in
bringing molecules to life.

Following the dance
of the electrons

Figure 1: To the left, a stick spectrum
of acetone in vacuum and water as
obtained from quantum-chemical
calculations assuming an infinite
lifetime approximation and ignoring
the dynamics in the solution. To the
right, a broadening is applied to both
spectra to account for the finite lifetime
of the vibrational excited states. For the
water solution, the dynamics occurring
in the solution is also taken into
account, leading to fine structure
in the vibrational absorption bands.
Illustration: Karen O. H. M. Dundas.

The development of new experimental
techniques such as the chirped pulse
amplification has allowed researchers
to create ultrashort, strong electromagnetic pulses [1]. Their intensity and
short duration break the assumption
underlying the most common way of
analysing the interaction of molecules
with electromagnetic fields — namely,
perturbation theory — in that it can no
longer be considered homogeneous and
small compared with the internal interactions in a molecule.
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Figure 2: High-harmonic generation.
An electron (green dot) is trapped inside
a molecule by a force field generated by
the nuclei (blue curve). As an intense
near-infrared femtosecond laser pulse (top
panels) hits the molecule, the force field
is radically distorted, creating a barrier
at the electromagnetic wave crest.
The quantum tunnel effect now allows
the electron to escape the force field
through the barrier (dashed green arrow),
picking up kinetic energy from the
femtosecond laser. Later, at the electromagnetic wave trough, the force-field
distortion is inverted, causing the tunnelionized electron to accelerate back
towards its parent molecule (full green
arrow). As they collide, the excess kinetic
energy of the electron is emitted as trains
of intense attosecond laser pulses in the
extreme ultraviolet or X-ray region. Accurate
yet affordable computer simulations of
such processes present several challenges
to the established methods of quantum
chemistry, challenges we are currently
tackling head-on at the Hylleraas Centre.
Illustration: Thomas Bondo Pedersen.
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The quintessential phenomenon in attosecond science is high-harmonic generation, which is used to generate the
attosecond laser pulses that enable the
experimental study of electron dynamics in molecules. In the high-harmonic generation process, a femtosecond
laser pulse in the near-infrared spectral region is passed through matter,
converting it into trains of attosecond
laser pulses in the extreme ultraviolet
or X-ray spectral region, as illustrated
in Figure 2. High-harmonic generation
thus is one example of a highly nonlinear process for which perturbation
theory breaks down.
To follow the electron dynamics in
time, we must solve the time-dependent Schrödinger equation (or the Dirac
equation in the relativistic regime). To
capture the physics while ensuring numerical stability in the calculations, the
rapid changes in the electron density
must be monitored by performing a
series of calculations at tiny time intervals. Even short processes therefore

require tens of thousands of individual solutions of the time-dependent
Schrödinger equation. Only with the
recent advent of more powerful computers and improved algorithms has
it become possible to perform such
calculations in a routine manner. Further algorithmic advances are required,
however — at the Hylleraas Centre, we
are currently exploring several techniques from neighbouring scientific disciplines, including neural networks and
advanced signal processing, to accelerate simulations of quantum dynamics.
Since electron correlation plays an
important role in such ultrafast processes, researchers at the Hylleraas
Centre have explored the potential of
coupled-cluster theory for their description [2,3,4]. At the same time, unbound
electronic states are needed to describe
these high-energy processes, putting
severe demands on the basis sets used
in the calculations.

This is not straightforward. Coupledcluster theory, for all its merits, uses
the Hartree–Fock ground-state orbitals as reference for describing electron
correlation. In strong, rapidly varying
electromagnetic fields, the electron
density can quickly change its character, no longer being well described
by the Hartree–Fock reference state
and orbitals, creating severe challenges
for the coupled-cluster wave function
[2]. However, PhD students Håkon E.
Kristiansen and Øyvind S. Schøyen together with Thomas Bondo Pedersen
and Simen Kvaal have found promising
ways of addressing these limitations. By
allowing the orbitals to relax, in what
can be denoted as an orbital-adaptive
time-dependent coupled-cluster doubles
method, these challenges can to a large
extent be met [3].
An important role played by theory
is the prediction of what may be observed experimentally, in this way
guiding experimental developments.
But equally important is the ability to

interpret experimental observations
in terms of the electron density and
provide insights that are hard to discern
from experimental data. This becomes
even more important when short and
strong pulses lead to significant changes in the density. The coupled-cluster
wave function is complicated, however, and cannot easily be broken down
into concepts that can help interpret
experimental data.
Nevertheless, solutions can be found.
Pedersen, Kristiansen, postdoc Tilman
Bodenstein, Kvaal and Schøyen have
shown that, by using projectors heuristically defined from linear-response
and equation-of-motion coupled-cluster
theory, the electron dynamics can be
analysed in terms of the stationary
states of the many-electron coupledcluster wave function [4]. While static
spectra indicate final populations of stationary states, our new approach allows
us to monitor populations during the
interaction, providing insights that are
experimentally inaccessible, opening

new horizons for the interplay of theory
and experiment in understanding the
dance of the electrons in strong, short
laser pulses.

Prediction requires dynamics
Let us now change our focus from the
dramatic interactions in strong, short
laser pulses to the much more mellow
interactions of nuclear magnetic resonance (NMR) spectroscopy. Here the
interaction between the electron density
and an external magnetic field leads to
an induced current density that changes
the local magnetic field at the nuclei.
If these nuclei have a nonzero spin,
the interaction between the magnetic
moment of the nucleus and the local
magnetic field provides a unique probe
of molecular structure. By applying an
electromagnetic field to the molecule,
we can reorient the nuclear spins in
the local field — the energy required
is measured and reported as a chemical shift. The resulting NMR spectrum
provides a magnetic "fingerprint" of
the molecule, while also giving valua-
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Figure 3: Experimental and calculated proton chemical shifts in [Ir6(IMe)8(CO)2H14]2+
without (a) and with (b) reassignment. Reproduced from Ref. [7] under Creative
Commons licence CC BY 4.0.

ble information about the physical and
chemical environment of the molecule.
When heavy nuclei are present in a
molecule, relativity becomes important, also for light elements in close
proximity to a heavy element. Using
methodology developed at the Hylleraas
Centre, relativity has been shown to
change the proton chemical shift by as
much as 80 ppm for hydrogen bonded
to Pb(II) in a lead complex [5], much
more than the normal chemical shift
range of the proton of only about 10
ppm. This work helped experimentalists
search for protons outside the normal
range of proton chemical shifts, leading
to observation of the most low-field
proton shielding ever recorded [6].
Hylleraas MSCA postdoctoral fellow,
Dr. Abril Castro, together with David
Balcells, Michal Repisky, Trygve Helgaker and Michele Cascella, set out
to explore the predictive capabilities
of relativistic calculations of proton
chemical shifts in a complex iridium
polyhydride, [Ir6(IMe)8(CO)2H14]2+ [7].
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A conventional protocol of optimizing
the molecular structure and including
solvent effects through a simple implicit solvent model gave, however, no
clear conclusion on the level of theory
required to reproduce experimental
observations.
At the time scale of NMR experiments,
which can take several hours, the nuclei
in a molecule are in constant motion.
It is usually assumed that the recorded spectrum is dominated by a single
conformer or by a few conformers and
that the chemical shifts can be obtained
from calculations carried out at the corresponding equilibrium geometries.
However, if the chemical shifts change
significantly with small changes in the
geometry or from interactions with the
surrounding solvent molecules, then
the dynamics of the molecule must be
taken into account when the shifts are
calculated.
By carrying out ab initio molecular
dynamics simulations, in which the
nuclei move in the potential generated

by the electron density, the Hylleraas
team was able to obtain a more realistic modelling of the proton chemical
shifts, obtaining agreement with five
of the seven experimentally assigned
shifts; see Figure 3a. By interchanging
assignments for two shifts, an excellent
agreement was obtained in all cases,
as seen in Figure 3b. Remarkably, full
agreement with the reassigned chemical
shifts was only obtained by carrying out
four-component relativistic calculations
with the inclusion of molecular dynamics.
The experimental spectrum had thus
been misassigned, possibly because
of the very large relativistic effects on
these proton chemical shifts, making
conventional rules for assignment unreliable. Theory put this right but would
not have had predictive power without
the inclusion of dynamics, even for as
slow processes as those involved in
NMR spectroscopy.

Signatures of dynamics
We finally consider infrared spectroscopy as an example between the extremes

of NMR and attosecond spectroscopy.
The most important dynamics of a
molecule is that associated with the
relative motion of the nuclei, the molecular vibrations. The motion of the nuclei
is governed by the effective potential
defined by the electron density. To a
first approximation, the nuclei can be
assumed to feel a restoring force proportional to the displacements from
their equilibrium geometry — that is,
they obey Hooke’s law. In this harmonic
approximation, therefore, the vibrational
motion of the nuclei is described by
harmonic oscillators.
In a molecule with N atoms, there are
3N-6 vibrational modes. For each of
these vibrational modes we can induce
an excitation by applying an external
electromagnetic field with a frequency
that matches the difference between energy levels of that vibrational mode. The
energies required are in the infrared
region of the electromagnetic spectrum,
and the most common spectroscopy
for studying molecular vibrations is
therefore called infrared absorption
spectroscopy. Within the harmonic approximation, we can only reach the first
excited state, and a vibrational spectrum will therefore consist of a series
of absorption bands corresponding to
the 3N-6 vibrational modes.
However, differences are observed between experiment and theory in this
harmonic approximation. The calculated frequencies are on average found
about 5% higher than those measured
experimentally. Furthermore, some
weak bands may appear in the experimental spectra that do not appear in
the computed spectra. These differences are to a large extent due to the
harmonic approximation. By including
anharmonic effects, the differences from
experimental absorption frequencies
can be reduced and the weak overtone
and combination bands be recovered.
The overtone and combination bands

arise because excitations to higher
excited vibrational states and simultaneous excitations of several vibrational
modes now become allowed.
Even an anharmonic vibrational spectrum lacks the structure of experimentally recorded spectra, see Figure 1.
Again, dynamics is at play. In contrast
to NMR, where also the dynamics of
the nuclei in the molecule affect the
observed chemical shifts, the finer details of vibrational spectral band shapes
are due to intermolecular interactions
and solvent effects. A faithful modelling
of infrared band structures in solution
therefore necessitates the inclusion of
solute–solvent dynamics.
PhD student Karen O. H. M. Dundas has
in her PhD thesis [8], under the super
vision of Dr. Jógvan M. H. Olsen, Dr.
Magnus Ringholm, Kenneth Ruud, and
Dr. Maarten T. P. Beerepoot, developed
a new formalism for calculating vibrational spectra of molecules in solution
and in complex environments. During classical dynamical simulations,
anharmonic vibrational spectra are
calculated at regular intervals using a
multiscale approach, in which the molecule is treated by a quantum-mechanical model such as density-functional
theory, while the solvent is described
by a classical polarizable embedding
model, giving a faithful representation
of solute–solvent interactions at a reasonable computational cost [9].
The difference of these dynamical spectra from the static spectra are striking,
see Figure 1. The calculated spectrum
now provides structure to the individual
peaks, the width and the asymmetry
reflecting the dynamics of the solute–
solvent interactions. We emphasize that
it is the combined inclusion of both dynamics and anharmonic effects that
are key to recover the finer details of
the spectra. The code developed represents a new step towards the realistic

modelling of vibrational spectra in a
complex environment [10,11]. The next
steps are to examine the accuracy of
this model and its ability to faithfully
represent solute–solvent interactions
and to extend the model to more advanced spectroscopic techniques, such
as multidimensional spectroscopy.
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Today´s methods of theoretical chemistry are
computationally expensive and heavily reliant
on powerful computers to be useful. However,
with the recent spectacular advances of machine
learning as a computational tool in science, it
may no longer be necessary to give an accurate explicit description (quantum-mechanical
or other) of a given molecular system to predict
its properties and behaviour reliably. Instead, we
may use our methods to train machine-learning
models to make the same predictions at a much
lower cost, with huge benefits for the end user
of computational chemistry. As described in this
section, we are contributing to this exciting development of theoretical chemistry by establishing
machine learning as an important research line
at the Hylleraas Centre.
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Machine Learning at the Hylleraas Centre:
A New Direction Connecting the Research Themes
David Balcells

–

During the last two years, there
has been a significant increase in
the use of machine learning at the
Hylleraas Centre. The wide scope
of this data-driven approach, including electronic structure, multiscale modelling, spectroscopy
and computational catalysis, is
expanding the collaboration network at the centre and reinforcing the inter-theme connections.

–
Following the growth of machine learning (ML) research at the Hylleraas Centre, an online mini-seminar on ML was
held on June 18 2020, featuring talks
by Assoc. Prof. Riccardo De Bin of the
Department of Mathematics, University
of Oslo and by David Balcells. In the first
lecture, De Bin presented an overview
of the key concepts of statistical learning, which is the main mathematical
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foundation of ML. Some of the most
popular ML methods, including gradient
boosting and neural networks, were
also introduced. After De Bin, Balcells
presented a lecture entitled Hylleraas
Vision for Machine Learning, in which
he reviewed the impact and growth of
ML in the different research themes of
the centre. Challenges, including model
explainability, and opportunities, including collaboration between research
themes (RTs), were also discussed.
Balcells began ML research activities in
RT5 in 2017, shortly after the opening
of the Hylleraas Centre. With the longterm goal of developing ML methods
and models for catalyst discovery within large chemical spaces, he initiated
an interdisciplinary collaboration with
De Bin and Prof. Alán Aspuru-Guzik at
the University of Toronto. In 2020, the
first work was published and highlighted on the cover of the Chemical Science
journal [1]. This study, which focused
on hydrogen activation by the classic
Vaska’s complex, is presented in the

highlights section of this report. More
recently, Balcells published tmQM,
an open dataset containing the quantum geometries and properties of
86000 metal complexes from the Cambridge Structural Database [2]. The
tmQM dataset is already being used
to expand the generalization power of
the ML models developed in RT5. The
main future direction for ML in RT5
is the development of feature vectors
and graph representations of organometallic compounds based on quantum
calculations. The application of these
models will also include catalytic nanoporous materials, in collaboration
with Ainara Nova.
The use of ML has flourished also in other RTs at the Hylleraas Centre. Within
RT1, Thomas Bondo Pedersen has developed ML models based on recurrent
neural networks for time-series forecasting, using these models to predict
the time evolution of induced electric
dipoles. The resulting increase in time
resolution enabled the Fourier trans-

Figure 1: Machine-learning potential energy surfaces for the simulation of infrared spectra.
Illustration: Jonathan Smith.

formation of these data, yielding the
absorption spectrum. This work was
done in collaboration with the group of
Prof. Daniel Crawford at Virginia Tech,
including Dr. Alexander Bazante, who
visited the centre in 2019. Future directions in RT1 include the use of ML in
the development of exchange–correlation functionals of density-functional
theory (DFT) by Dr. Erik Tellgren and
the application of ML to the extensive
benchmark of multiwavelets by Luca
Frediani.
In RT2, Michele Cascella works on the
computation of hybrid particle-field
(hPF) parameters using ML models [3].
His models are trained with simulation data from hPF molecular dynamics
and, by using Bayesian optimization,
predict parameters for simulating cell
membranes. The main advantages of
these models are their explainability
and transferability.
In RT3, Jonathan Smith develops machine-learnt potentials for the simul

ation of spectra (Figure 1). Potentialenergy surfaces are built from coupledcluster data using Gaussian processes,
enabling the subsequent fast and accurate simulation of infrared spectra.
Inter-RT collaborations based on machine learning are also being explored.
Between RT1 and RT5, an interesting
direction is to optimize ML models mapping the reliability of DFT methods in
the vast and complex metal-organic
chemical space. Here the idea is to use
ML to reduce the computational cost
of post-Hartree–Fock benchmarks for
guiding the choice of the DFT functional. This task is critical in computational
catalysis, where DFT is the workhorse
method. In this regard, Pedersen and
Balcells supported the ML4Catalysis application of Dr. Lucas Lang (Max Planck
Institute for Coal Research) for an MSCA
fellowship. The application was successful and Lang will begin work in Oslo
in the fall of 2021. Another interesting
direction is the combination of ML with
stochastic processes to model complex

reaction networks relevant for the biological systems studied in RT2 and the
catalytic systems studied in RT5.
In summary, ML has already made a
significant impact on the research of
the Hylleraas Centre. This impact is expected to continue to grow, reinforcing
inter-theme connections and expanding
the collaborative network of the centre.
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Computing and Software
at the Hylleraas Centre
Simen Reine, Trygve Helgaker
and Kenneth Ruud

–

At the Hylleraas Centre, our tools
are computers and the advanced
scientific software that we run on
these computers. Our progress
therefore depends on the continual development of new software and access to more powerful
hardware.

–
The Hylleraas Centre constitutes the
largest chemistry community in Norway
with respect to software development
and computing. Over the years, we have
developed several million lines of computer code and annually we employ
more than 50 million hours of work on
central-processing units (CPUs), which
is equivalent to running nonstop 6000
single-core computers constantly. Most
of this computing is carried out on the
national e-infrastructure resources of
Sigma2 (Figure 1), where we use a combination of commercial, free-license and
in-house software. Computer modelling
is becoming increasingly popular and
useful due to the exponential growth

in computer capacity. Still, running
thousands of CPUs at all times is only
possible by the continual development
of efficient and parallel codes.
To be useful, our codes need to employ
all the tricks of the trade and must be
tailored to state-of-the-art computer
hardware. Particularly important is
the parallel distribution of the most
demanding tasks over hundreds or
thousands of computational units—either on CPUs or, in recent years, on
graphical-processing units (GPUs). At
the same time, we must use each of
these units efficiently, often requiring
months or years of dedicated coding.

So, how are these quintillion operations
useful? Computer modelling enables
us to understand and visualize what
happens at a fundamental level of
chemistry, biology, materials science
and of related fields such as medicine
and pharmacy. For instance, we can
study and fine tune chemical reactions
to our needs, understand and predict
new and complex spectroscopic methods, unravel biological processes, like
cell membrane formation and migration, design new materials, understand
how proteins can adapt from warm to
cold environments to enable life in cold
arctic waters, or even explore the exotic
chemistry of outer space and stars.

Each CPU carries out billions of floating-point operations (additions, subtractions, multiplications, or divisions)
per second. Moreover, since many floating-point operators are performed in
parallel, good data management (in
particular, rapid data access) is crucial
if these processors are to be used to
their full power. In total, we carry out
about ten quintillion (ten billion billion)
mathematical operations each year.

In essence, we use the laws of quantum mechanics to crunch old and new
chemical puzzles on computers. The
quantum-mechanical equations, which
describe the behaviour of atoms and
molecules, can be expressed in terms of
large arrays or tables of numbers called
matrices. The computer calculates the
numbers needed to build such matrices
and then perform operations on the
matrices, combining them in different
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Figure 1: Uninett Sigma2 manages the national e-infrastructure for large-scale data- and computational science
in Norway. The Hylleraas Centre pays Sigma2 1.6 MNOK annually for access to its computing resources.
Illustration: Betzy supercomputer, photo Espen Ali Johansen, courtesy of Uninett Sigma2: https://www.sigma2.no

ways, providing in the end a detailed
description of the system we study.
Computers are designed to perform
these operations at blazing speeds—they
are exceptionally good at the job.
Still, computers can only do what we
tell them to. Our task is to recast the
mathematical equations into models
or tools that either solve our problems
faster and more accurately than before or solve problems that we could
not address before. Greatly helped by
the exponential growth in computer
capacity, such modelling tools have
revolutionized how chemists work
and think. As a rule of thumb, what
the most powerful supercomputers can
do today, becomes routine for workstations in a decade. In other words,
pushing the boundaries of computing
opens new ways to work and think for
the whole of chemical sciences.
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Software at the Hylleraas Centre
In the following, we summarize the
main coding developments at the centre — an overview is given in Table 1.
Many of these programs are developed
in collaboration with other research
groups and involve contributions from
many scientists, including researchers
at the Hylleraas Centre.
We begin with the traditional quantum-chemistry program packages.
These programs treat all electrons
quantum mechanically, by solving
the molecular Schrödinger equation.
Dalton is the most widely distributed
quantum-chemistry program to which
we contribute actively, with centre director Trygve Helgaker as one of its
founding fathers. Dalton is known for
its ability to calculate a wide range of
spectroscopic properties at different
levels of theory and is typically used
for accurate studies of small systems.

LSDalton is Dalton’s little brother — it
does many of the same things but for
larger systems. Recently, the Dalton
community initiated the Dalton Project,
to build a flexible framework or platform for Dalton, LSDalton and related
codes (Figure 2). Such platform developments are needed for the transition
from monolithic programs to a more
dynamic developer and user ecosystem.
It is also in line with the strategy of
the Hylleraas Centre, where we aim to
connect and unite expertise and tools
across the research themes (RTs) at the
centre.
By a platform we here mean a software environment that enables us
to seamlessly link and run programs
with different capabilities. Dirac and
Respect are two electronic-structure
programs that can naturally be attached
to such a platform —they are similar
to Dalton and LSDalton but treat the

Dalton

molecular quantum-chemistry code with emphasis on molecular properties

LSDalton

molecular quantum-chemistry code for linear-scaling calculations on large systems

Dalton Project

platform for molecular and electronic-structure simulations of complex systems

Respect

relativistic quantum chemistry DFT code for molecules and materials

PyFraME

library for electronic-structure calculations with a polarizable environment

PCMSolver

library for including solvation effects with the polarizable continuum model

MRChem

numerical real-space quantum-chemistry code for molecular HF and DFT calculations

London

quantum-chemistry code for molecules in strong magnetic fields

OpenRSP

library for arbitrary-order molecular properties calculations using DFT

bivar-MRCC

multireference couped-cluster code based on the bivariation principle

QuantumSystem

interface code for time-dependent coupled-cluster calculations

CoupledCluster

code for simulating electrons subject to laser pulses using coupled-cluster theory

XDEC

quantum-chemistry code for periodic coupled-cluster calculations

tIntegral

library for one- and two-electron Gaussian integrals with arbitrary operators

SpectroscPy

code for generating vibrational spectra from ab initio electronic-structure data

HyMD

multiscale molecular dynamics code

Thermoslope

tool for determining thermodynamic parameters for EVB calculations

REACT

tool for creating cluster models for EVB calculations

OpenMolcas

quantum chemistry code for multiconfigurational systems for complex electronic systems

Quest

quantum-chemistry code for molecules in strong magnetic fields

Dirac

quantum-chemistry code for relativistic molecular calculations

XCFun

library for exchange–correlation functionals and their derivatives to arbitrary order

MiMiC

platform for multiscale modeling in computational chemistry

OCCAM

hybrid particle-field molecular dynamics code

electrons relativistically, by solving the
more complicated Dirac rather than
the Schrödinger equation. Respect has
recently pushed the size of systems that
can be modelled relativistically and
boasts the first all-electron relativistic
solid-state capability of any code. Another candidate is OpenMolcas, with a
strong toolbox of multiconfigurational
methods and therefore well suited for
complex electronic structures like those
encountered in molecules containing
transition metals and in photochemical
reactions.

and can also be used as a stand-alone
alternative for high-accuracy calculations. The London program is designed
to study molecules in magnetic fields
and is, for example, used to explore
the exotic chemistry of magnetic white
dwarfs. London has many unique capabilities such as the recently added
ability to study molecular dynamics in
a strong field. Recently, other programs
with similar functionality have been
developed, such as the QUEST code with
unique current-density-functional-theory (CDFT) functionality.

Apart from these general quantumchemistry codes, we develop a number
of codes with special functionality and
areas of applicability. The MRChem program represents an alternative to traditional quantum-chemistry programs in
that it uses multiwavelets rather than
Gaussian basis sets. By removing basis-set dependence, MRChem is ideal
for benchmarking traditional methods

The workhorse for highly accurate
electronic-structure calculations in
quantum chemistry is coupled-cluster theory, which is being developed
in several new directions at the centre.
The bivar-MRCC code uses the previously unexplored bivariation principle to provide a balanced treatment
of static and dynamical correlation in
coupled-cluster theory, aiming to treat

Table 1: Software to which members
of the Hylleraas Centre contribute
or have contributed, classified in
three groups: software developed by
Hylleraas members in collaboration
with other groups (marked green);
software developed at the Hylleraas
centre (marked light green); and
software developed externally with
contributions from Hylleraas members
(marked blue). Acronyms are DFT
(density-functional theory),
HF (Haretree-Fock), and EVB
(empirical valence bond).

complex electronic systems accurately.
The XDEC program applies the embarrassingly parallel and linear-scaling
divide-expand-consolidate (DEC)
scheme for periodic systems to coupled-cluster theory, for accurate calculations on solid-state systems. The
QuantumSystem and CoupledCluster codes
are being developed to simulate atoms
and molecules in ultrastrong laser puls-
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Figure 2: The Dalton Project:
A Python platform for molecularand electronic-structure simulations
of complex systems, linking in
particular to Dalton, LSDalton
and PyFraME.

es using coupled-cluster theory, as part
of a project initiated to model the attosecond processes observed in modern
experimental facilities.
Several program libraries have been
developed to provide advanced functionality for electronic-structure calculations. The XCFun library calculates
exchange–correlation energies and its
derivatives to arbitrary order for density-functional theory (DFT) and has
been interfaced to a number of standard
quantum-chemistry programs such as
ADF, PySCF, and Turbomole in addition
to our own codes. OpenRSP uses a recursive scheme to calculate arbitrary-order molecular response properties for
simulating spectroscopic phenomena.
Its modular interface connects easily
with any quantum-chemistry program,
assembling data generated by the host
program into molecular properties. The
tIntegral library provides a generic, automated way to calculate the many different one- and two-electron integrals
that arise in quantum chemistry, while
SpectroscPy extracts and combines computed properties from other codes to
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determine vibrational properties and
spectra.
An important approach for large systems is to combine an accurate quantum-mechanical treatment of a small
but important part of the system with
a less accurate classical description of
the rest of the system (the environment).PCMsolver models the environment as a dielectric continuum and
is well suited for molecules in solution. Treating the environment more
elaborately by means of a polarisable
multicentre multipole-moment expansion, PyFraME is better suited for heterogeneous environments like proteins.
The MiMiC framework is designed for
fast and efficient molecular dynamics
simulations. With its flexible coupling
of quantum-mechanics (QM) and molecular-mechanics (MM) codes, MiMic
is expected to become the workhorse
for future QM/MM calculations and the
framework for multiscale developments
at the Hylleraas Centre.
To study large biological systems and
processes, involving thousands or even

millions of atoms, a coarser description
is needed. In the OCCAM code, this is
achieved with the hybrid particle–field
(hPF) model, combining coarse graining with a field description of particle
interactions, enabling efficient molecular dynamics simulations on such systems. At present, an inhouse hPF code
Hylleraas Molecular Dynamics (HyMD) is
being developed.
Bridging micro- and macroscopic properties, Thermoslope determines thermodynamical parameters from single-state
experiments, important for studying
enzyme catalysis computationally. The
program employs regression techniques
to determine rate constants as a function of temperature, for determining
thermodynamic parameters from a
range of concentrations in a single
experiment.
From a software perspective, 2020
was a good year for the Hylleraas Centre. Four code papers, describing the
Dalton Project, Respect, OpenMolcas
and MiMiC, were published and four
codes, Dalton, LSDalton, MRChem and

OpenRSP, saw new official releases.

Computers in Science and Education
(CSE) initiative at the University of Oslo.

3
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K. Pierloot, M. Reiher, I. Schapiro,
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Hylleraas Software Platform
As shown above, the members of the
Hylleraas Centre are involved in the
development of a wide range of computational methods and advanced software tools for simulations in chemistry, physics, and biology. Today, many
projects use several of these tools, but
the programs do not communicate well
and must be run separately, typically
requiring its own expertise.
In 2021, work begins on the Hylleraas
Software Platform (HSP), to seamlessly
link all computational and development
activities at the centre. With a unified
user interface and syntax, the HSP
will make it easy to set up advanced
automated workflows and to combine
software in new ways. The user will
also benefit from added analysis and
visualization tools. At the same time,
the HSP will facilitate the development
of new methods by enabling developers
to reuse, extend, and combine existing
modules in a straightforward manner.
HSP will also be integrated into the
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Group photo from the Sundvolden meeting August 10–12 2020.
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Hylleraas Annual Meeting 2020
Sundvolden Hotel, Sundvollen,
August 10–12 2020

During the COVID-19 pandemic,
the Hylleraas Centre managed to
convene for a three-day meeting
in the late summer at Sundvolden
Hotel, near Oslo.

–

Every year, all members of the Hylleraas Centre join for a three-day annual
meeting of science and centre matters,
combined with social activities. These
meetings are organized by young researchers, supported by a senior member. The 2020 Annual Meeting was
chaired by Abril Castro and Thomas
Bondo Pedersen of the Oslo node.
The meeting was first scheduled for
March but rescheduled because of

YRP representatives leading a session
at the Sundvolden meeting. From left
to right: Abril Castro, Karolina Eikås,
and Lukas Konecny.

the COVID-19 pandemic and held at
Sundvolden Hotel at Sundvollen, about
40 km from Oslo, on August 10–12. In
spite of the pandemic, attendance was
good, with 35 participants from Oslo
and Tromsø.
The program focused on interactive
group sessions combined with social
activities with the goal to improve collaboration, communication, and interactions across research themes and
between nodes at the Hylleraas Centre.
The program was adjusted to conform
with the restrictions of the pandemic.
The meeting at Sundvollen began with
a "State of the Union" talk by Trygve
Helgaker, followed by an assembly

of the Young Researcher Parliament
(YRP). While the young researchers
discussed future plans of the YRP, the
senior researchers convened in a separate session. Later in the day, all participants engaged in group work, with
sessions focussing on developing centre
activities such as the Friday seminars,
Hylleraas School, Hylleraas Software
Platform, web pages, social media, and
the Hylleraas Day.
Social activities included a hiking trip
to King’s View in glorious weather, with
a wonderful view over Sundvollen and
Tyrifjorden, Norway's fifth largest lake,
400 meters below. After the hike many
participants enjoyed a swim in the lake
before the conference dinner.
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Meetings and Events

–

Faraday Discussion:
New Horizons
in Density Functional
Theory
Videoconference from Cambridge,
UK September 2-4 2020

On September 2 – 4 2020, the Faraday Discussion "New Horizons in
Density Functional Theory" was
held as an online event, chaired
by Hylleraas Adjunct Professor
Andy Teale and sponsored by the
Hylleraas Centre. The Faraday
Discussion, which was originally planned as a physical meeting
at the University of Cambridge,
attracted nearly 200 participants.
–
For over 100 years and 300 meetings, Faraday Discussions have been
the forefront of physical chemistry.
Many of these Discussions have become
landmark meetings in their field. The
Faraday Discussion "New Horizons in
Density Functional Theory" brought
together online nearly 200 researchers
working on the development of density
functional theory methods to examine
today’s challenges.
The Faraday Discussion featured 19
speakers, selected by the scientific
committee. Before the meeting, each
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speaker prepared and distributed to
the participants a research paper. At
the meeting, most of the time was devoted to a discussion of these papers,
following a five-minute introduction
by the authors. During the discussions,
all participants had the opportunity
to ask questions and comment on the
papers. A record of the discussions will
be published together with the papers
in the journal Faraday Discussions.
The meeting was divided into four
sessions:
•
•
•
•

New density-functional
approximations and beyond
Challenges for large scale
simulation
Strong correlation in
density-functional theory
New approaches to study excited
states in density-functional
theory

These sessions were bookended by an
introductory lecture by Prof. Weitao
Yang (Duke University, USA) and Concluding Remarks by Prof. Andreas Savin
(Sorbonne University, Paris, France).

Prof. Andy Teale thanking
the sponsors and members
of the scientific committee
at the opening of the
Faraday Discussion.
Photo: Trygve Helgaker

The speakers were selected by the scientific committee, consisting of Andy
Teale (University of Nottingham, UK and
Hylleraas Centre), Emmanuel Fromager
(University of Strasbourg, France), Paola
Gori-Giorgi (Free University Amsterdam, Netherlands), Trygve Helgaker
(Hylleraas Centre), Chris-Kriton Skylaris (University of Southampton, UK),
and David Tozer (Durham University,
UK). All sessions and discussions were
chaired by members of the scientific
committee.
The Faraday Discussion was sponsored
by the Hylleraas Centre and SCM (Software for Chemistry & Materials).

Meetings and Events

–

2020 National Meeting of the Division
of Quantum Chemistry and Modelling
of the Norwegian Chemical Society (NKS)
Online from UiT
November 9–10 2020

The 2020 National Meeting of the
Division of Quantum Chemistry
and Modelling of the Norwegian
Chemical Society (NKS) was held
online on November 9 and 10,
chaired by Luca Frediani at UiT
The Artic University of Norway.
–

London (United Kingdom). In addition,
twelve contributing talks were given
by young researchers and one virtual
poster session was held. The Annual
Members Assembly of the Division also
took place at the NKS meeting.
Use of Gather.Town was a positive experience — in particular, as it enabled
a virtual social mingling of the participants. While this can never fully replace

the mingling of a physical meeting, it
does enhance the experience beyond
that of a series of online talks. Bearing
in mind the ease of organizing such
meetings and their reduced cost and
travel, videoconferencing will — in combination with physical meetings — play
an important role in the future activities
of the Division of Quantum Chemistry
and Modelling.

The NKS meeting of the Division of
Quantum Chemistry and Modelling
is organized annually by the theory
group at one of the four universities
where theoretical chemistry is present
in Norway: Norwegian University of
Science and Technology, University of
Bergen, University of Oslo, or UiT The
Arctic University of Norway. In 2020,
the meeting was chaired by Luca Frediani at the Hylleraas Centre in Tromsø.
Because of the COVID-19 pandemic,
the 2020 NKS meeting was held online,
using the Gather.Town platform (Figure),
developed for such events. Two plenary
lectures were given by invited international speakers: Prof. Petra Imhof
from the Friedrich Alexander University
(Erlangen–Nürnberg, Germany) and Dr.
Laura Ratcliff from Imperial College
Thomas Bondo Pedersen speaking
from the podium of Gather.Town
at the NKS meeting. Screenshot:
Trygve Helgaker
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Meetings and Events

–

Alumni Talks
Online seminars

–

To inspire and help the young researchers at the Hylleraas Centre in planning their future career, the Young
Researcher Parliament of the centre invites previous members and collaborators to give a short seminar
about the career choices and the position they hold today, whether it is in academia or in industry. During
2020, the YRP organized three successful seminars with former members of Oslo and Tromsø nodes. The
young researchers at the Hylleraas Centre participated actively in the seminars, asking questions and
discussing with the speakers. The alumni were happy to advise on matters concerning career skills and
choices, helping young researchers develop and prepare for future careers.

Eirik Fossgaard

Torgeir Ruden

Elisa Rebolini

April 2020

June 2020

October 2020

First one out in the alumni series of
seminars was Eirik Fossgaard, who
did a postdoc with Kenneth Ruud in
2005 and today works as a Principal
Geophysicist at Equinor in Bergen. In
his seminar, Fossgaard described his
career path from his master and PhD
degrees in mathematics at UiT to his
present position as a geophysicist in
Equinor, via a postdoctoral period in
quantum chemistry. In his presentation,
Fossgaard emphasized skills that have
been important for his career and gave
career advice to the audience.

The second alumni speaker was Torgeir
Ruden, a former master and PhD student of Trygve Helgaker at UiO, from
which he graduated in 2004. At present,
Ruden holds a Software Development
Manager position at Turbulent Flux in
Oslo, a company that develops reservoir simulation software for the oil and
gas industry. In the seminar, Ruden
described his expertise in theoretical
chemistry, talked about job seeking
skills outside academia, and explained
the different job opportunities that developer scientists have in industry.

Elisa Rebolini did a postdoc with Trygve
Helgaker and Thomas Bondo Pedersen
from 2014 to 2017. Currently, she has
a permanent researcher position at Institut Laue-Langevin, Grenoble, France.
Since Rebolini is still in research, her
presentation had a more scientific profile than the presentations of Fossgaard
and Ruden. She presented her career
path and gave an overview of her career
choices up to now.
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Ph.D. Defenses
2020
–
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PhD Defenses

–

Candidate

Sigbjørn Løland Bore
–

University:
Date:
Thesis:
Trial Lecture:
Supervisors:
Committee:

Chair:

University of Oslo
April 23 2020
Advances in the Hybrid Particle-Field Approach: Towards Biological Systems
Principles of Monte Carlo Simulations
Prof. Michele Cascella, University of Oslo
Dr. Simen Kvaal, University of Oslo
Prof. Doros Theodorou, National Technical University of Athens, Greece
Prof. Friederike Schmid, Johannes Gutenberg University, Mainz, Germany
Ass. Prof. Mohamed Amedjkouh, University of Oslo
Prof. Harald Walderhaug, University of Oslo

Candidate

Fabian Maximilian Faulstich
–

University:
Date:
Thesis:
Trial Lecture:
Supervisors:

Committee:

Chair:

University of Oslo
June 25 2020
Mathematical Aspects of Coupled-Cluster Theory in Chemistry
The DMRG Method in Physics, Chemistry, and Mathematics
Dr. Simen Kvaal, University of Oslo
Prof. Trygve Helgaker, University of Oslo
Dr. André Laestadius, University of Oslo
Prof. Piotr Piecuch, Michigan State University, USA
Dr. Thorsten Rohwedder, Humboldt University of Berlin, Germany
Prof. Unni Olsbye, University of Oslo
Prof. Stian Svelle, University of Oslo

Candidate

Ljiljana Pavlovic
–

University:
Date:
Thesis:
Trial Lecture:
Supervisors:
Committee:
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UiT The Arctic University of Norway
August 21 2020
Towards Enantioselective Carboxylation and Hydrogenation Reactions
(Quantum Chemical Modelling of Homogeneous Reactions)
Machine Learning in Catalysis
Ass. Prof. Kathrin H. Hopmann, UiT The Arctic University of Norway
Prof. Luca Frediani, UiT The Arctic University of Norway
Prof. Per-Ola Norrby, AstraZeneca, Sweden
Dr. Maria Besora Bonet, Universitat Rovira I Virgili (URV), Spain
Ass. Prof. Marius Myreng Haugland, UiT The Arctic University of Norway

Candidate

Marc Obst
–

University:
Date:
Thesis:
Trial Lecture:
Supervisors:

Committee:

UiT The Arctic University of Norway
September 4 2020
Homogeneous Metal-Mediated Carboxylation with Carbon Dioxide
The Interplay between DFT and Experimental Studies on Grubbs- Metathesis Catalysis
– from Simple to Advanced Models
Ass. Prof. Kathrin H. Hopmann, UiT The Arctic University of Norway
Prof. Luca Frediani, UiT The Arctic University of Norway
Ass. Prof. Annette Bayer, UiT The Arctic University of Norway
Prof. Stuart Macgregor, Heriot–Watt University, UK
Dr. Amalia Poblador-Bahamonde, University of Geneva, Switzerland
Dr. Bjarte Aarmo Lund, UiT The Arctic University of Norway

Candidate

Jon Austad
–

University:
Date:
Thesis:
Trial Lecture:
Supervisors:

Committee:

Chair:

University of Oslo
September 18 2020
Theoretical Investigations of Molecular Electronic Structure in a Magnetic Field
How Do We Calculate Accurate Vibrational Frequencies for Small Molecules?
Trygve Helgaker, University of Oslo
Erik Tellgren, University of Oslo
Alex Borgoo, University of Oslo
Prof. Peter R. Taylor, Tianjin University, China
Ass. Prof. Ida-Marie Høyvik, NTNU, Trondheim, Norway
Prof. Unni Olsbye, University of Oslo
Ass. Prof. Mohamed Amedjkouh, University of Oslo
Prof. Harald Walderhaug, University of Oslo

After the dissertation
of Jon Austad, September 18
2020. From left to right:
supervisor Trygve Helgaker,
committee members
Mohamed Amedjkouh,
Ida-Marie Høyvik, and
Peter Taylor (on screen),
PhD candidate Jon Austad,
and supervisor Erik Tellgren.
Photo: Simen Reine
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–
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Visits and Mobility

–

Interview with
Visiting Researcher:

Thereza Soares
Thereza Amélia Soares, Universidade Federal
de Pernambuco (UFPE), Brazil, works at the interface
of computational chemistry and biochemistry. She is a leading
scientist in the modelling of bacterial membranes
and a frequent visitor to the University of Oslo, where
she collaborates with Michele Cascella.

Thereza Soares received her PhD
from UFPE in 1996. She then
spent two years as a postdoc at
ETH Zürich, one year at École Polytechnique Fédérale de Lausanne
(EPFL), and five years at Pacific
Northwest National Laboratory in
Washington as a Senior Research
Scientist before joining UFPE as
professor in 2010.
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Why did you choose to visit the
Hylleraas Centre and how did you
learn about the Centre and its visitors’ program?
I have held a long-term collaboration
with Prof. Michele Cascella (Hylleraas
PI, UiO) who invited me for a visit in
2015. During this visit, I had the opportunity to give a scientific talk and
to interact with members of the Centre for Theoretical and Computational
Chemistry (the predecessor to the Hylleraas Centre). In 2016, I returned for a
short visit, and in 2020 for a longer stay
of 2 months at the Hylleraas Centre,
which was prematurely interrupted by
the COVID-19 pandemic. During these
visits, I was impressed by the excellence of the research carried out by an
international and vibrant team. I was

particularly inspired by the scientific
independence of the younger researchers and the active mentorship provided
by senior members. It felt like a scientifically productive and professionally
stimulating ecosystem.

In what way was the stay at the Hylleraas Centre important for your scientific activities?
My stay at the Hylleraas Centre made
it possible to pursue collaborative research on the development and application of computational methodologies
to explore the structural dynamics of
assemblies of complex membranes and
antimicrobial peptides. It gave me the
opportunity to broaden the ongoing
collaboration with the group of Prof.
Cascella into a larger joint effort with

Professor Thereza A. Soarez, Universidade Federal de Pernambuco, Brazil.
Photo: Thereza A. Soarez

the group of Prof. Reidar Lund (Hylleraas affiliate, UiO). The combination
of robust multiscale simulations with
well-established techniques for structural characterization of soft matter
provides a powerful approach to elucidate the molecular mechanisms of
membrane-targeting antimicrobials,
for instance. We have held fruitful scientific discussions that served also as a
starting point for a collaborative proposal entitled Assembling against Resistance: Antimicrobial Nanoparticles through
Molecular Self-assembly (ANTISOFT) led
by Prof. Lund and funded by the Research Council of Norway in 2020. I
have particularly appreciated the opportunity to think about scientific problems
that require the integration of different
technical expertise and the challenge
of finding a common language that we

all could understand. And this was so
much more fun because we could count
on bright and eager graduate students
in the Cascella and Lund groups!

How did you find the working conditions and social and scientific environment at the Hylleraas Centre?
The working conditions at the Hylleraas
Centre are outstanding and conducive
to productive discussions. It is a quite
international environment where most
researchers have been educated in more
than one country. This makes the social
and scientific environment very easy
to integrate into for visiting scientists.
The weekly seminars held together
with Tromsø presented an excellent
opportunity to learn about the diverse
research topics performed by the very

knowledgeable Hylleraas’ members.
We also met for lunch on a daily basis,
which offered an opportunity to talk
about general subjects outside computational chemistry and to learn more
about Norwegian culture and lifestyle.

How did you find Norway in general
and Oslo in particular?
I have found Oslo a pleasant city, both
in winter and summer. It also offers a
plethora of cultural activities all year
round. The UiO area is close to Frogner
parken, which hosts the impressive
sculptures by Gustav Vigeland. The park
is also a superb place for running with
its unique combination of art and nature. I have not been able to explore
Norway beyond Oslo this time. But this
is yet another good reason to visit again.
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Meeting of the teachers at the Norwegian–
Russian winter school organized at Tomsk
State University with the vice rector for
academic affairs of the University,
Prof. Evgeny V. Lukov (third from the right).
Photo: private.

Outgoing Visits
Because of the COVID-19 pandemic, travel was severely restricted for
most of 2020 but some visits were made during the first ten weeks
of the year and during the autumn.

–
Kenneth Ruud visited Tomsk in Russia from January 28 to March 2 2020,
where he lectured at the Norwegian–
Russian winter school Experimental
Advanced Fluorescence Spectroscopy of
Organic Molecules and Biological Systems
to about 15 students. Thomas Bondo
Pedersen visited Prof. Markus Reiher at
ETH Zürich January 28–31 2020, where
he gave a lecture Laser-Driven Many-Electron Dynamics with Coupled-Cluster Theory
at the Competence Center for Compu-
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tional Chemistry (C4). At the same
time, Michele Cascella visited the Johannes-Gutenberg University, Mainz,
January 29 – Feburary 3, in connection
with his participation in the TRR-146
project Multiscale Simulation Methods
for Soft Matter Systems. He also visited
Bergen on March 2–4 2020, where he
lectured at the C8-Biomolecular Modelling course of the National PhD program BioCat. Trygve Helgaker visited
Aarhus one week in January and one

week in February, collaborating with
Prof. Poul Jørgensen and Prof. Jeppe
Olsen at Aarhus University.
Needless to say, a large number of
planned visits to research institutions
and conferences were cancelled in
2020.

Visits and Mobility

–

22
There were in total
22 visitors to the
Hylleraas Centre
in 2020.

Incoming Visits
Visitors to Oslo
Prof. Jonathan Smith

Temple University, USA

January 1–December 31

MSc. Sri Harsha Pulumati

University of Iceland, Iceland

February 2 –16

Prof. Takeshi Sato

University of Tokyo, Japan

February 7–24

MSc. Mathias Oster

Technical University of Berlin, Germany

February 9–14

Dr. Sergei Grudinin

Centre Inria Grenoble – Rhone-Alpes, France

February 12–19

Prof. Thereza Soares

Federal University of Pernambuco, Brazil

February 18–March 15

Prof. Jürgen Gauss

Johannes Guthenberg University of Mainz, Germany

February 16–28

Prof. Pedro Perez

Center for Research in Sustainable Chemistry (ICQSO), Spain

February 16–March 10

Prof. Andy Teale

University of Nottingham, UK & Hylleraas Centre

March 10–13

Laurenz Monzel

Karlsruhe Institute of Technology, Germany

August 5–December 15

Prof. Ida-Marie Høyvik

Norwegian University of Science and Technology (NTNU), Norway September 17–18

MSc. Maria Moreno Alcaide

University of Sevilla, Spain

October 5–December 30

Dr. Raquel Jimenez Rama

University of Sevilla, Spain

October 7–December 31

Dr. Valery Andrushchenko

IOCB Prague, Czech Academy of Sciences, Czech Republic

January 13–18

Ass. Prof. Erik Hedegård

University of Southern Denmark

January 17–19

MSc. Erik Kjellgren

University of Southern Denmark

January 17–19

Prof. Hans-Jørgen Aa. Jensen

University of Southern Denmark

January 17–19

MSc. Peter Reinholdt

University of Southern Denmark

January 17–19

Prof. Olav Vahtras

Royal School of Technology (KTH), Stockholm, Sweden

January 17–19

Dr. Matthew Welborn

Molecular Sciences Software Institute, Blacksburg, Virginia, USA January 17–25

Dr. Stanislav Komorovsky

Slovak Academy of Sciences, Bratislava, Slovakia

January 20–24

Dr. Magnus Ringholm

Royal School of Technology (KTH), Stockholm, Sweden

January 20–24

Visitors to Tromsø
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Externally
Funded Projects
–
The financial support that the Hylleraas Centre receives
as a Centre of Excellence from the Research Council of
Norway and from its host institutions constitutes a longterm secure funding allowing us to develop and pursue
research projects that require a sustained effort over years.
However, to reach the ambitious goals of the centre, additional funding is needed — to focus on particular research
challenges and to pursue promising new research directions that may arise in the course of the work at the centre.
In the following, we present the external research grant
proposals that have been approved for funding in 2020.
Progress in these projects will in the future be reported as
part of the activities of the research themes.
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Externally Funded Projects

–

Three FRIPRO Researcher Projects were awarded: to ODILE EISENSTEIN
and MICHELE CASCELLA for the project Revealing the Elusive World of MainGroup Organometallic Chemistry: An Adventure with Computational Chemistry, to AINARA NOVA for the project MOF Based Single-Site COOperative
Catalysis for CO2 Hydrogenation, and to KENNETH RUUD and MICHAL
REPISKY for the project EPR and Paramagnetic NMR of Solids from Relativistic Two- and Four-Component Density-Functional Theory.

LUKAS KONECNY was awarded a Mobility Grant for the project Linear and Nonlinear Response Properties and Spectroscopy of Solids from
Relativistic TDDFT, allowing him to visit Prof. Angel Rubio at the Max
Planck Institute for the Structure and Dynamics of Matter in Hamburg
for two years, before returning to the Hylleraas Centre for one year.
In early 2020, MARIUS KADEK, won a Marie Sklodowska-Curie Action
Individual Global Fellowship for a two-year stay at Duke University with
Prof. Volker Blum, followed by a one-year return grant to the Hylleraas
Centre. Having won a similar Mobility Grant from the RCN in December
2019, Kadek decided not accept the EU grant in favour of the RCN grant.
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Externally Funded Projects

–

Revealing the Elusive World of Main-Group
Organometallic Chemistry: An Adventure with
Computational Chemistry (MetalSynergy)
Odile Eisenstein (UiO) and Michele Cascella (UiO)

–

FRIPRO Researcher Project
2021–2024

Hot on the heels of their Grignard
study, Michele Cascella and Odile
Eisenstein will use the same techniques but aim more broadly in
the MetalSynergy project by addressing a larger class of reactions
in main-group organometallic
chemistry. Their ultimate goal is
to discover new mechanisms for
synthetic chemistry that use only
nontoxic reagents, work under
mild conditions, and offer high
selectivity.

The Grignard reaction, which was discovered as far back as 1900, is used to
form carbon–carbon bonds, a crucial
step for the synthesis of a large variety of products. However, the original
process, based on an organic magnesium chloride derivative, needs to be
improved upon and adapted to the modern standards for synthetic chemistry
by using nontoxic species under mild
conditions (avoiding high temperature
and high pressure) and by offering
higher selectivity (minimal amounts
of unwanted products).

–

A new generation of reagents based on
nontoxic main-group elements such
as Li and Mg are significant steps in
this direction. But because of their
ever-changing structures in solution,
little is known about how these systems operate, hampering optimization
of the reactions. Recently, by adopting
a physically appropriate computational
representation of both the solute and
solvent, Cascella and Eisenstein determined the nature of the solvated
Grignard reagent and its reactivity.
The same strategy will be used in this
project to investigate variants of this
compound and their reactions. The goal
is to design more efficient reagents at

Alkali and alkaline-earth reagents are
widely used in organic synthesis. Nonetheless, because of the large influence of
the solvent, the mechanisms by which
reagents operate are largely unknown.
The prototypical system is the Grignard
reaction. Following the successful determination of its mechanism by ab initio
molecular dynamics (AIMD), Cascella
and Eisenstein will in the MetalSynergy project investigate more widely
the mechanisms of reactions involving
alkali and alkaline-earth reagents in
different reactions and media.
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milder experimental conditions, moving from standard polluting organic
solvents to greener set-ups.
Cascella and Eisenstein will first explore
the structure of pure lithium salts in
various solvents and then investigate
why the addition of LiCl to magnesium
reagents boosts their reactivity. Additional two-metal synergies (for example, with zinc), empirically found but
not yet understood, will also be studied.
An important step will be to examine
recently discovered conditions where
the Grignard reaction works very well
in the presence of green solvents (nonmisceable associations of organic and
protic solvents). Finally, the project will
take some first steps toward the design
of sodium-based reagents, the ShangriLa of organometallic chemistry because
of its minimal cost and environmental
impact.
The study will be carried out in collaboration with Professor Eva Hevia,
University of Bern, who will test and
challenge the mechanistic proposals
by experimental validation. The budget
is 12 MNOK for the period 2021–2024.
Two postdoctoral researchers and one
PhD student will be hired.

Externally Funded Projects

–

EPR and Paramagnetic NMR of Solids
from Relativistic Two- and Four-Component
Density-Functional Theory (PerSpectives)
Michael Repisky (UiT) and Kenneth Ruud (UiT)

–

FRIPRO Researcher Project
2021–2024

Dr. Michal Repisky and Kenneth
Ruud received funding of 12
MNOK from the Research Council
of Norway for a transformative
research grant for the project entitled EPR and paramagnetic NMR
of solids from relativistic two- and
four-component density-functional
theory. The project will be operational in 2021–2025 and will fund
two three-year postdoctoral fellow positions as well as one PhD
student for a three-year period.
–
Unpaired electrons play a key role in
many chemical and physical processes,
such as electron transport in lithium or
sodium transition-metal oxide-based
battery materials or at catalytically active sites in metal-organic frameworks
(MOFs). In order to optimize the performance of such materials, the relation
between the structure and properties of
materials must be established. Electron
paramagnetic resonance (EPR) and paramagnetic nuclear magnetic resonance
(pNMR) spectroscopies allow the structure of paramagnetic materials to be
established, often aided and supported

by computational studies that can help
relate experimental spectra to details
in the electronic structure of materials,
thereby facilitating the design of more
efficient materials.
When an external magnetic field is applied to a molecular or solid sample,
the spin sublevels of nuclei possessing
a spin are split. The energy splitting is
unique to the nucleus and to the local chemical environment, and these
nuclei are very sensitive probes of the
molecular structure. This phenomenon
forms the basis for nuclear magnetic
resonance (NMR) spectroscopy, one of
the most important methods for structural determination in chemistry. In a
similar manner, the spin sublevels of
unpaired electrons are split by an external magnetic field, and these splittings
can give detailed insight into where
the unpaired electron density is located in a molecule, which in turn can
provide valuable insight into chemical
reactivity. This forms the basis for electron paramagnetic resonance (EPR),
an important technique for studying
radicals and chemical reactivity. Finally,
the presence of any unpaired electrons
will also directly affect the splitting of
the nuclear spin levels, coupling the

mechanisms present in EPR and NMR
and leading to the unique field of paramagnetic NMR.
Both these spectroscopies are strongly
affected by relativity. Indeed, some of
the most valuable information in EPR
spectroscopy would be completely absent without relativistic effects, and
relativity may change the chemical
shifts observed in NMR spectroscopy
to such an extent that they appear outside the conventional window for the
chemical shifts.
Great progress has been made in recent
years in including relativistic effects in
calculations of NMR and EPR parameters. However, the complexity arising
from studying the NMR and EPR spectra
of crystals or crystalline materials is
poorly developed and understood — in
particular, for systems containing heavy
elements. This project will rectify this
situation by developing the first code
for relativistic calculations of NMR and
EPR parameters of paramagnetic solids,
extending the information that can be
extracted from experimental NMR and
EPR spectra.
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Externally Funded Projects

–

MOF Based Single-Site COOperative Catalysis
for CO2 Hydrogenation (CO2pCat)
Ainara Nova (UiO and UiT)

–

FRIPRO Researcher Project
Centre for Materials Science and Nanotechnology (SMN)
2021–2024

In the CO2pCat project, Ainara Nova aims to design more efficient
catalysts for CO2 reduction, based on the use of metal-organic frameworks. The project combines a number of advanced computational
techniques for theoretical catalyst design with experimental work
for validation.
–
The hydrogenation of CO2 to methanol
is a reaction of high interest for the
production of renewable chemicals and
fuels. This reaction is also a challenging
multistep process in which three H2
molecules need to be activated to reduce CO2 into CH3OH and H2O. Several
strategies have been used to achieve this
reaction, involving homogeneous and
heterogeneous catalysts, each with their
own advantages and disadvantages. A
recent strategy is to anchor molecular
catalysts on metal-organic frameworks
(MOFs), in the hope of combining the
best features of homogeneous and
heterogeneous catalysts. However, so
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far, success has been limited. The few
systems reported yield ethanol with
high selectivity, but the MOF crystallinity is lost upon functionalization
and the activity reduced upon reuse.
Furthermore, the mechanistic information about these reactions is limited,
hampering the rational design of more
efficient materials for the CO2 reduction
to ethanol and the selective reduction
to methanol.
To overcome these limitations, CO2pCat
addresses the following objectives in
three work packages (WPs); see Figure 1.

In WP1, computational methods will
be used to study the key steps for the
hydrogenation of CO2 in the few systems reported and the newly developed
systems in this project. In Step 1 of WP1,
periodic calculations will be performed
for the geometry optimization of the
MOFs using mixed Gaussians and plane
waves (GPWs) as implemented in the
CP2K code. In Step 2, cluster models
will be extracted from the periodic systems to get thermodynamic and kinetic
information on the CO2 hydrogenation
mechanism. In Step 3, electronic structure analysis and microkinetic models
will be used to rationalize the output
of the calculations. These models will
combine data from density-functional-theory (DFT) calculations (rate constants from calculated energy barriers)
with the kinetic experiments performed
in WP3.

Figure 1: Work Packages of the CO2pCAT project.
Illustration: Ainara Nova

In WP2, quantum-mechanical calculations and machine learning will be
used for catalyst design. In Step 1 of
WP2, catalysts will be constructed by
considering several criteria to allow
them to activate and transfer hydrogen
and be anchored to the MOF. The catalyst ligands will be based on organic
scaffolds already synthesized and newly
designed using cutting-edge synthetic
protocols. The combination of all these
scaffolds will yield a chemical space
containing thousands of complexes.
From these, a few hundred complexes
will be randomly selected and screened
computationally using thermodynamic
criteria. In Step 2, the data generated
will be used to train machine-learning models, including deep neural networks, for the accurate prediction of the
thermodynamics of the entire chemical
space generated in Step 1. These results
will allow the selection of systems that
are synthetically available and yield the
optimal thermodynamics.

In WP3, experimental techniques will
be used to synthesize, characterize
and test the MOF systems designed
computationally in WP2. In Step 1 of
WP3, the MOF systems will be synthesized following established routes
already developed and characterized by
multiple spectroscopic techniques. In
Step 2, these systems will be tested for
hydrogen dissociation, CO2 adsorption
and hydrogenation. The reaction yields
will be used as productivity metrics to
evaluate the success of the catalyst design, while the key kinetic descriptors
(i.e., adsorption characteristics, reaction
orders, rate constants) will be used to
benchmark theoretical calculations
(WP1) and guide further mechanistic
research.

for the period August 2021 – December
2024. On the project, one researcher
and one PhD student will be hired for
computations, while one researcher
will be hired for experimental work.
The project is hosted by the Centre for
Materials Science and Nanotechnology
(SMN) at the University of Oslo, but
all computational work will be carried
out at the Hylleraas Centre within the
framework of RT5.

Team members on Nova´s project are Dr.
David Balcells (Hylleraas), Dr. Evgeniy
Redekop (UiO), Prof. Mats Tilset (Hylleraas Affiliate, UiO) and Prof. Unni Olsby (UiO). The total budget is 12 MNOK
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Linear and Nonlinear Response Properties
and Spectroscopy of Solids from Relativistic
TDDFT (ProSpectS)
Lukas Konecny (UiT)

–

RCN FRINATEK Mobility Grant
2021–2024

Lukas Konecny was awarded a
three-year RCN Mobility Grant to
develop a novel relativistic method aimed at computing properties
of periodic solid-state materials,
namely properties that determine
the interaction of the materials
with external electromagnetic
fields important for modern laser and X-ray experiments. As
the mobility part, he will spend
two years in the group of Prof.
Angel Rubio in Hamburg, Germany followed by one year back
in Tromsø.
–

Progress in technologies such as electronics, solar cells, and lasers requires
new materials with favourable properties. The experimental discovery of
these materials is a challenging task
that has to be aided by theoretical understanding and computer simulations.
Usually, the computer simulations solve
the quantum-mechanical Schrödinger
equation and have been successful for
predicting the properties of materials
made of light elements. However, many
prospective materials contain heavy
elements such as metals. For these, as
well as for materials that interact with
X-rays, the effects of relativity must be
considered. This is achieved by solving
the Dirac equation, a relativistic equation to which the Schrödinger equation
is a nonrelativistic approximation.
The project thus responds to the demand for a computer program that includes relativistic effects in the calculation of solid-state material properties.
The material properties of interest are
linear and second-order nonlinear optical properties that characterize material
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interactions with external electromagnetic fields and will be treated within a
relativistic version of time-dependent
density-functional theory (TDDFT). The
project builds on the expertise of Lukas
Konecny in the domain of relativistic
TDDFT calculations of molecular properties, extending it to the domain of
periodic solids, such as 2D materials
including graphene and its analogues
as well as 3D crystals, that lie at the
forefront of research in physics. However, due to their periodicity, these
solid-state systems represent a new
challenge. Here, the interaction with
Prof. Angel Rubio’s group in Hamburg,
which has ample experience in condensed-matter physics, as well as with
light-matter interactions and program
development, will help Lukas Konecny
to enter this new field. Moreover, the
group has a close collaboration with
the experimentalists at the synchrotron
centre DESY and the European X-ray
free-electron laser facility in Hamburg,
which perform experiments targeted
by the computational methodology
developed in the project. The output

Externally Funded Projects

–

of the project will be a library within
the quantum-chemical program ReSpect developed at the Hylleraas Centre
and will be made freely available for
researchers interested in electric and
optical properties of materials.
The project was awarded a budget of 3.6
MNOK that will fund a postdoc position
for Lukas Konecny for three years. It
begins in August 2021 with a two-year
research stay at the Max Planck Institute for the Structure and Dynamics of
Matter (MPSD) in Hamburg followed by
one year back at UiT. This will establish
a collaboration between UiT and MPSD
as well as help Lukas Konecny to form
a unique scientific profile and establish
himself as an independent scientist.
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At the Hylleraas Centre, we develop and apply computational methods to understand,
interpret, and predict new chemistry, physics, and biology of molecules in complex and
extreme environments. Our work is organized into six research themes (RTs):
•
•
•
•
•
•

Electronic Structure (RT1)
Multiscale Modelling (RT2)
Spectroscopic Processes (RT3)
Extreme Environments (RT4)
Chemical Transformations (RT5)
Multiphase Systems (RT6)

Each RT has its own deliverables, directed towards the common goal of the centre. The
first two themes, RT1 on electronic structure and RT2 on multiscale modelling, describe
matter in isolation, providing the backbone for our work. The next two themes, RT3
and RT4, introduce fields and photons. They are at the heart of the centre, dealing with
spectroscopic processes and extreme environments. The tools developed in these four
RTs will enable our application themes to address problems that are today beyond the
reach of computation. We focus on chemical transformations in RT5 and on multiphase
systems in RT6 — areas that, among many other things, aim to secure clean energy
and to combat antimicrobial drug resistance.
In the following, the 2020 report is provided for each RT.

Hylleraas Research Themes
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RT1

Electronic-Structure Theory
Principal investigators:
Thomas Bondo Pedersen and
Luca Frediani

While affected by the 2020 pandemic, RT1 has made significant
progress in coupled-cluster theory and density-functional theory
(DFT). Important contributions
in a long-standing challenge in
electronic-structure theory—the
simultaneous treatment of static
and dynamic electron correlation—have been made, including
mathematical error estimates
and the development of a novel
approach to multireference coupled-cluster theory. Also, much
effort has been directed at algorithmic advances to enable
quantum-chemical modelling of
crystalline materials using local
electron-correlation methods
and relativistic and nonrelativistic DFT.

–
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Bivariational coupled-cluster theory
The ERC Starting Grant project BIVAQUM (Bivariational Approximations
in Quantum Mechanics and Applications
to Quantum Chemistry) entered its sixth
year in 2020, having been extended by
the ERC for reasons that include the
COVID-19 pandemic. In addition to
Project Leader Simen Kvaal, the group
in 2020 consisted of postdocs Tilmann
Bodenstein and PhD students Fabian
Maximillian Faulstich and Benedicte
Ofstad. Faulstich defended his thesis in
June and now holds a postdoc position
with Prof. Lin Lin at the University of
California, Berkeley.
The BIVAQUM project is centred around
the bivariational principle, an unconventional formulation of quantum mechanics that naturally leads to the coupled-cluster hierarchy of computational
models. We focus on the mathematical
analysis of bivariational methods and
the development of new computational
methods. In particular, we are aiming
for new approaches to the multireference problem, attacking a long-standing
grand challenge in molecular electron-

ic-structure theory: the simultaneous
description of static and dynamic electron correlation.
The pandemic slowed down work on
BIVAQUM considerably in 2020 but we
still managed to publish a mathematical
and computational study of alternative
formulations of extended coupled-cluster theory [1] and a new multireference coupled-cluster (MRCC) method
based on the bivariational principle,
the bivar-MRCC model [2], see Figure 1.
Work on excited states computed using
the coupled-cluster method tailored
by tensor network states (TNS-TCC)
is ongoing, in collaboration with Prof.
Reinhold Schneider in Berlin, Prof. Örs
Legeza in Budapest, and Dr. Jiri Pittner
in Prague.

Error estimates in coupled-cluster
theory
The RCN YRT project CCerror (Error
estimates for coupled-cluster methods,
ground states and excited states) began
in December 2019. During its first year,
postdoctoral research fellow Dr. Mihály
Andras Csirik joined project leader Dr.
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Figure 1: Comparison of the bivar-MRCC model
with established MRCC methods for the insertion
of Be into H2 (from [2]).

André Laestadius to work on the mathematical description of coupled-cluster
theory. The aim is to extend the existing
error analysis based on strong monotonicity to excited states. Since strong
monotonicity seems best suited for
the ground state, the identification of
alternative approaches has been the
main task of Csirik so far. Of particular
interest has been the study of homotopies that connect the different levels of
truncation employed in coupled-cluster
calculations (Figure 2).
Within the CCerror project, we are collaborating with Prof. Reinhold Schneider
in Berlin, Prof. Örs Legeza in Budapest,
and Dr. Jiri Pittner in Prague. These
collaborations, which are headed by
Faulstich, focus on mathematical and
numerical studies of excited states
computed using the TNS-TCC method.
Furthermore, together with PhD student Håkon Kristiansen, Simen Kvaal,
and Thomas Bondo Pedersen, we are
collaborating with Prof. Anna Krylov
and Dr. Pavel Pokhilko on diagnostics
for coupled-cluster calculations.

Figure 2: The behaviour of solutions as
the homotopy parameter is increased from
zero to one. Illustration: Mihály Andreás Csirik.

In 2020, the COVID-19 pandemic caused
planned research trips and attendance
at workshops to be cancelled. Laestadius
was scheduled to give a contributed
talk Analysis of Size-extensive Alternative
Coupled-Cluster Models Based on Arponen's
Extended Theory at the workshop Tensor
Product Methods for Strongly Correlated
Molecular Systems in March 2020 at the
Max-Planck Institute in Dresden; the
meeting was rescheduled as an online
event yet to be held. His talk is based
on the mathematical study of alternative formulations of extended coupled-cluster theory [1], a collaboration
with Kvaal and Bodenstein that was
concluded during the first months of
the CCerror project.

Periodic coupled-cluster theory
Formally closed on November 30 2019,
the RCN FRIPRO Researcher Project
Coupled-Cluster Methods for Periodic Systems, led by Thomas Bondo Pedersen,
continued in 2020 with PhD student
Audun Skau Hansen and master student Einar Aurbakken, resulting in two
publications [3,4]. Aurbakken graduated in June 2020 with the master thesis

Local Møller–Plesset Perturbation Theory for
Periodic Systems—A Study of Long-Range
Interactions and Convergence and joined
the Hylleraas Centre as a PhD student
in RT3. Hansen defends his PhD thesis
Local Correlation Methods for Infinite Systems in April 2021 and will continue his
collaboration with the Hylleraas Centre
as a part-time software engineer, working on the Hylleraas Software Platform.
Local correlation methods achieve linear
scaling with respect to the number of
electrons by exploiting the rapid decay of the fluctuation potential with
inter-electronic distance. For an infinite
system such as a crystal or a surface,
this is done by at least one and usually
several distance-based cut-offs early in
the algorithm. These cut-offs cause the
electronic energy to change abruptly
as the geometry (atomic coordinates
and unit-cell parameters) is distorted,
leading to fractured potential-energy
surfaces that are ill suited for important
tasks such as the ab initio determination
of elastic constants of bulk materials.
Controlling the smoothness of potential-energy surfaces by automatically
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Figure 3: The MP2 energy as a function of distance between the LiH (001) surface and the water molecules.
Illustration from Ref. [4] under Creative Commons licence CC BY-NC-ND 4.0.

adapting cut-offs has been a major
research effort in 2020, reported in a
publication [4].
An example is shown in Figure 3 for
the adsorption of water molecules on
the (001) surface generated from the
face-centred cubic crystal of LiH. The
accuracy of energies and the smoothness of the potential-energy surface are
controlled by the fragment optimization threshold (FOT). At the higher FOT
values, fractures are clearly visible but
can be virtually removed by decreasing
the FOT.
As demonstrated in [4], the fractures
are caused by distance cut-offs in the
occupied and virtual orbital subspaces
used for solving the MP2 amplitude
equations. Fragmentation-based local
correlation methods implicitly assume
that the correlation energy converges
smoothly and monotonically as the
cut-offs are increased. In reality, the
convergence pattern is more complicated, with extensive plateauing and
sudden changes as more distant orbit-
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als are added—see Figure 4. In the cluster-in-molecule approach, these cut-offs
are defined by the user, whereas, in
our divide-expand-consolidate (DEC)
algorithm, they are optimized according to the FOT. It is clear from Figure 4
that the optimization algorithm must
be designed very carefully in order to
avoid false convergence at one of the
almost flat plateaus.

Multiresolution quantum chemistry
MRChem is a multiwavelet-based code
for DFT. In 2020, MRChem v1.0 was
released and is now available as source
code for developers, under a number
of package distributions (Easybuild,
Spack, Singularity and CONDA). The
release has been a major undertaking,
mostly done by Dr. Stig Rune Jensen
and Dr. Roberto Di Remigio. Dr. Peter
Wind has improved performance and
scalability, reaching system sizes of
more than 2000 electrons on more
than 10000 CPUs. PhD student Magnar
Bjørgve has worked on the extension
to periodic boundary conditions. This
extension has proved challenging, but

we are now close to a production code
for energy calculations. PhD student
Gabriel Gerez has included solvent
effects through the generalized Poisson–Boltzmann approach, which is now
ready to be benchmarked. PhD student
Anders Brakestad has conducted an
extensive study of reaction energies
to assess the basis-set superposition
error in association reactions of transition-metal complexes. This study has
been submitted for publication. Di Remigio has interfaced MRChem with the
QCEngine from the Molecular Sciences
Software Institute (MolSSI), thus enabling geometry optimizations.
In relation to his RCN Mobility Grant
project, Di Remigio has worked on
semi-stochastic and quasi-deterministic formulations of coupled-cluster
theory using Monte-Carlo techniques.

Relativistic density-functional theory
ReSpect is a code for relativistic DFT
calculations of molecular and solid-state
properties. In 2020, our work focused
on two main development goals: the
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Figure 4: MP2 correlation-energy convergence for LiH–H2O
as a function of cut-off distances for occupied and virtual orbital
subspaces. Illustration from Ref. [4] under Creative Commons
licence CC BY-NC-ND 4.0.

implementation of a linear-scaling algorithm in the relativistic four-component (4c) periodic self-consistent-field
module (pSCF) and the implementation of a multifrequency two-electron
Fock library with a relativistic 2c/4c
complex-polarization propagator (CPP)
module.
The first goal was achieved by exploiting
the locality of real-space Gaussian-type
orbitals (GTOs), together with the implementation of relativistic versions of
the continuous-fast-multipole-moment
(CFMM) and resolution-of-the-indentity (RI) algorithms aimed at a rapid
assembly of Coulombic two-electron
contributions with periodic boundary
conditions. The work on CFMM was led
by Dr. Marius Kadek, while the periodic RI-J implementation was done by
PhD student Marc Joosten. As a result,
the ground-state electronic-structure
optimization in solids is now routine
at the fully 4c level of theory, without
requiring significantly more memory
than for molecules. Figure 5 depicts the
scaling of the current hybrid MPI/Open-

Figure 5: Parallel speedup of the pSCF module
of the ReSpect package.

MP-parallel pSCF module with respect
to the number of central processing
units (CPUs) used (Figure 5).
The second goal was achieved by an
extensive refactorization of the relativistic 2c/4c two-electron Kohn-Sham
module to handle multiple density
matrices with different Hermitian and
time-reversal symmetries. This work,
which was led by Dr. Michal Repisky,
has resulted in a significant speedup of
existing 2c/4c TDDFT and CPP implementations. Publications documenting
these theoretical and computational advances are in preparation. In addition,
the ReSpect team published in 2020 an
invited paper on the Respect program in
a special issue of the Journal of Chemical
Physics devoted to electronic-structure
software [5], documenting available
functionality of the program.

for advanced multiscale simulations
spanning time scales from atto- to
milliseconds and length scales from
single atoms to billions of atoms. For
high flexibility, we will explore a container-based environment, making it
easy to combine codes and libraries in
different manners, as described elsewhere in this Annual Report. This work
will be led by Senior Engineer Simen
Reine, who will be supported by new
appointments in 2021.
References
1

S. Kvaal, A. Laestadius, and
T. Bodenstein, Mol. Phys., 2020,
118, e1810349.

2

T. Bodenstein and S. Kvaal,
J. Chem. Phys., 2020, 153, 024106.

3

A. S. Hansen, G. Baardsen, E. Rebolini,
L. Maschio, and T. B. Pedersen,
Mol. Phys., 2020, 118, e1733118.

4

A. S. Hansen, E. Aurbakken, and
T. B. Pedersen, Mol. Phys., 2021,
119, e1896046.

5

M. Repisky, S. Komorovsky, M. Kadek,
L. Konecny, U. Ekstrom, E. Malkin,
M. Kaupp, K. Ruud, O. L. Malkina,
and V. G. Malkin, J. Chem. Phys., 2020,
152, 184101.

Hylleraas Software Platform
In 2020, the Hylleraas Centre decided to
bridge its many software development
projects by introducing the Hylleraas
Software Platform, paving the way
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RT2

Multiscale Modelling
Principal investigators:
Michele Cascella and
Bjørn Olav Brandsdal

RT2 is devoted to the development
of computational methods from
quantum-mechanical studies
of small systems to mesoscale
simulations, building algorithmic bridges across multiple
resolutions. The year 2020 saw
important advances in quantum-mechanics/molecular-mechanics (QM/MM) modelling and in
hybrid particle/field (hPF) modelling.

–
The MiMiC project
The MiMiC project is a collaborative effort involving the research groups of Dr.
Jógvan Magnus Haugaard Olsen at the
Hylleraas Centre, Assist. Prof. Simone
Meloni at the University of Ferrara, Prof.
Paolo Carloni at Forschungszentrum
Jülich (FZ Jülich), and Prof. Ursula Röthlisberger at École Polytechnic Fédérale
de Lausanne (EPFL). Olsen received a
Villum Young Investigator Grant in 2020
and left the Hylleraas Centre to take
up a position as assistant professor at
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the Technical University of Denmark
(DTU) in Denmark.
In 2020, work on the MiMiC project
focused on preparations for the first
release of the MiMiC framework. Dr.
Viacheslav Bolnykh (one of the main
authors of MiMiC and former postdoc at
EPFL and now a researcher at FZ Jülich)
visited Olsen in Tromsø in February
2020. The purpose of the meeting was
to plan for the release and to discuss
how to fix critical issues that had been
identified after the pilot implementation
of a MiMiC-based QM/MM model and
in computational projects that used
the QM/MM implementation [1, 2].
The most important outcomes from
the meeting were a redesign of the application programming interface (API)
to facilitate workflow management and
the introduction of an additional communication model to address issues on
some High-Performance Computing
(HPC) facilities. The team is now working towards a release in the spring or
summer 2021.
In 2020, the MiMiC team was awarded
a CECAM (Centre Européen de Calcul

Atomique et Moleculaire) Flagship
School Multiscale Molecular Dynamics
with MiMiC, originally scheduled for
May 2020 at EPFL. Because of the COVID-19 pandemic, the school has been
postponed several times and is now
expected to take place in 2022.
In 2020, Olsen received an HPC-Europa3 Transnational Access grant to
visit the the Italian supercomputing
centre CINECA in Bologna, Italy. The
scientific host of the visit is Assist.
Prof. Simone Meloni at the University
of Ferrara. The grant offers access to
HPC facilities and technical and scientific support from the CINECA staff.
The main goal of the visit is to couple
the Quantum ESPRESSO and LAMMPS
programs to the MiMiC framework,
to enable QM/MM simulations with
focus on high parallel efficiency. The
benefit of coupling Quantum ESPRESSO
and LAMMPS compared to the existing
supported programs (CPMD, CFOUR,
and GROMACS) is that these program
packages are oriented towards materials modelling. Unfortunately, the visit
was postponed because of the pandemic
and is now scheduled for late 2021 or
early 2022.
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Figure 1: Calibration
of the a parameter and
equilibration of a hPF water
box at constant pressure
p = 1 bar. Reprinted from
Ref. [3] with the permission
of AIP publishing.

The hPF model with anisotropic
pressure
The development of the hPF methodology reached three important milestones in 2020: the coupling of the hPF
model to anisotropic pressure, use of
machine learning for optimization of
hPF parameters, and the development
of a Hamiltonian formalism for the hPF
model.
Reproducing the laboratory conditions in computer modelling requires
the possibility of simulating molecular
systems subject to an external pressure. The calculation of the pressure
for interacting particles is typically
done by separating the contributions
to the pressure by its kinetic-energy
and potential-energy components: P=Pkin
+ Ppot. While Pkin is the trivial ideal-gas
pressure, Ppot requires the calculation
of the virial. In standard molecular
models, the potential contribution is
easily obtained as the derivative of the
distant-dependent two-body interaction terms that are typically used to
determine the potential energy. This
approach is not possible in the hPF
model because there are no intermolecular terms. Instead, the contribution

to the pressure (here in the μ Cartesian
direction) from the interaction energy
is obtained by direct differentiation of
the total interaction-energy functional
W[φ] in the following manner:
where φ is the density of the system, V
the volume of the simulation box, and
Lμ its length in the Cartesian direction
μ. In Ref. [3], PhD student Sigbjørn L.
Bore reformulated the interactionenergy functional in a more general
way, where the penalty for the density
fluctuations is computed against an
arbitrary reference value a:

where χĳ are the elements of the interaction matrix, φi is the local density
function of the ith species, ρ0 is a parameter corresponding to the excluded
volume of a coarse-grained bead, and κ
the compressibility of the system. Because ρ0 does not depend on the total
density of the system and a does not
enter in the calculation of the forces,
this formulation guarantees that the
microscopic particle dynamics depends

only on the local density and is not affected by the instantaneous deformation of the simulation box. Instead, a
enters in the equation of state of the
system and can be used to calibrate
the equilibrium density of the system
to the target value at the temperature
of relevance (Figure 1).
Noticeably, the bulk density contribution to the pressure calculated above
is isotropic, as it does not depend on
the direction μ. This is problematic in
the presence of interfaces, where the
surface tension arises from an intrinsic
anisotropy of the pressure in the transversal and longitudinal directions. To
improve upon the current model, we
introduced a term in the interaction
energy that takes into account density
distributions at interfaces, depending
on the density gradients of the two species at the interface in the following
manner:

This term yields anisotropic pressure
contributions, ensuring a correct description of the anisotropic pressure in
nonhomogeneously distributed systems
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Figure 2: Calibration of a tensionless membrane (g = 0) for different values
of the coupling parameter KCW. Reprinted from Ref. [3] with the permission
of AIP publishing.

like lipid bilayers. Noticeably, the work
by Bore et al. showed that introducing
a single coupling term at the surface
is sufficient to improve the model of a
lipid bilayer (for example KCW, the one
between the carbon and water beads)
and to equilibrate it around a correct
area per lipid (Figure 2). In fact, the
work also shows that, for a quantitative agreement of all lateral pressure
profiles and the surface elasticity, a full
optimization of the Kĳ matrix would
be necessary. This project involves a
collaboration with Prof. G. Milano from
University of Napoli, Italy.

Machine learning for hPF parameters
The formulation of the hPF model relies
on the use of a simple interaction energy depending on a matrix of parameters
χĳ , one for each pair of particle types,
with the physical meaning of mixing
free energies. While this interaction
matrix can be easily set up for simple
polymer melts by using, for example,
the Flory–Huggins model, its determination is nontrivial for complex moieties, especially in the presence of large
long-range interactions. The picture
becomes even more complicated when
treating interfaces or in constant-pres-
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sure calculations, where the parameterization of an additional interface
matrix is required.
In this situation, it is crucial to move
away from a heuristic approach to
parameterization, relying on theoretical
estimates and subsequent validation
and ad hoc re-optimization of individual
parameters, to an automated global
optimization scheme able to produce
robust parameters for any chemical
moiety of interest. In 2020, PhD student
Morten Ledum developed a protocol
based on Bayesian optimization, where
all parameters of the interaction energy
are optimized in parallel [4]. Among
the many machine-learning optimization schemes available, Bayesian
optimization was chosen since it can
efficiently explore the variable space
without computing gradients of the
chosen penalty function.
The scheme introduced by Ledum was
tested on a series of common phospholipids, allowing us to compare our
parameters with literature parameters obtained by standard protocols
and to assess the transferability of
machine-learning parameters among

chemically similar moieties. Our machine-learning algorithm was successful in improving potential-energy terms
previously obtained by Flory–Huggins
models, with excellent transferability.
In particular, the parameters obtained
by us for one phospholipid performed
better than the literature parameters in
reproducing the lateral density profiles
of other species (Figure 3). Importantly,
our investigation demonstrated that,
with a good preoptimization, for example via Flory–Huggins models, it is
possible to identify a small subset of
parameters whose refinement gives
nearly all the improvement obtained
with the full set.

Hamiltonian formalism
for the hPF model
In Ref. [5], we demonstrated that the
hPF equations can be expressed using
a Hamiltonian formalism, obtaining
the particle potentials and forces as
the direct derivatives of the density-dependent interaction-energy functional:

The Hamiltonian is well suited to the
introduction of filtered densities, which
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Figure 3: Fitness function for the potentialenergy surface of a phospholipid over
a set of four hPF 𝑥 parameters (top left).
The top right panel shows how the
optimization scheme rapidly improves
on the reference Flory–Huggins set
and outperforms random search-based
algorithms, by an optimal exploration
of the region of maximal fitness (bottom
panels). Illustration from Ref. [4], under
Creative Commons licence (CC BY 4.0).

assign to each particle an intrinsic
density spread:

In turn, the use of filters allows for
an advantageous redefinition of all
particle-field numerical operations in
reciprocal space, similarly to what is
commonly done in particle–mesh Ewald
calculations for electrostatic interactions in standard molecular simulations.
The use of filtered densities enables
the decoupling of the numerical calculation of the forces from the level of
coarsening of the simulations, which,
in the standard hPF formulation, are
instead both determined by the mesh
of the numerical grid. In this way, it is
possible to refine the calculation of the
forces to the desired level of convergence and to verify that it is possible
to avoid biased results like deformation
of the shape of large soft aggregates
and nonconservation of energy during
simulations. This work demonstrates,
in particular, that the implementation
of multiple-time step algorithms to
propagate densities and particles in
time is advisable compared with com-

monly used quasi-static approximations, where the density is frozen for
a number of particle dynamics steps.
Finally, our work demonstrates how, by
using Gaussian filters for the density,
the Hamiltonian formulation of hPF is
consistent with Gaussian-core models
for fluids.
A new hPF software built on this newly
defined computational strategy, Hylleraas Molecular Dynamics (HyMD),
is currently under development at the
Hylleraas Centre.

Funding / Personnel
J. M. H. Olsen received a Villum Young
Investigator grant in January 2020 to establish a research group in Denmark. He
left the Hylleraas Centre in June 2020
and is now an Assistant Professor at
DTU Chemistry in Denmark. S. L. Bore
defended his PhD in April 2020 and
left the Hylleraas Centre in September to join the research group of Prof.
Francesco Paesani at the University of
California, San Diego. Dr. Xinmeng Li
joined the Hylleraas Centre in October
2020, in a postdoctoral position funded
by the Hylleraas Centre.
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RT3

Spectroscopic processes
Principal investigators:
Kenneth Ruud and
Thomas Bondo Pedersen

RT3 is concerned with the interaction of matter with electromagnetic
fields. During 2020, we have continued the development of real-time
methods for strong electromagnetic fields, relativistic approaches
to molecular response properties, and multiscale models for vibrational spectra in complex environments, including the application
of these methods to a wide range of different molecular properties
and systems.

–

Time-dependent coupled-cluster
theory
Time-dependent coupled-cluster (TDCC)
theory attracts increasing international
attention as a viable path to accurate
simulations of the dynamics of nucleons, molecular vibrations, and electrons. In a Hylleraas project initiated
in 2018 by Thomas Bondo Pedersen and
Simen Kvaal, we have focused on
laser-driven many-electron dynamics
using various TDCC formulations.
Besides Pedersen and Kvaal, project
participants in 2020 are PhD students
Håkon Emil Kristiansen, Einar Aurbakken, Benedicte Ofstad, and Øyvind
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Sigmundson Schøyen (Department of
Physics, UiO, co-supervised by Pedersen) and master student Eirill Strand
Hauge, with contributions from postdoc
Tilmann Bodenstein. Two papers on
this research were published in 2020
[1,2]. Pedersen gave an invited presentation at ETH Zürich, Switzerland,
in January 2020.
Despite the impediments posed by the
COVID-19 pandemic, significant progress was made in 2020. Using heuristic
projectors in lieu of explicitly defined
excited states within coupled-cluster
theory, we have demonstrated that

many-electron dynamics described
at the TDCC level of theory can be interpreted in terms of time-dependent
stationary-state populations during the
interaction with laser pulses [2], see
Figure 1. The energy eigenbasis provides
a natural view of the evolution of the
coherent many-electron wave packet, giving valuable insights into linear
and nonlinear optical processes, which
are hard or even impossible to discern
from experimental time-resolved spectroscopy. For sufficiently weak fields,
predominantly inducing linear optical
processes, we even demonstrated in
[2] that the absorption spectrum can
be realistically generated from the stationary-state populations at the end of
the pulse.
Taking into account both linear and
nonlinear optical processes, absorption
spectra are properly generated by a
Fourier transformation of electric-dipole
signals recorded after the interaction
with one or more laser pulses. Because
of the time–energy uncertainty relation,
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Figure 1: TDCCSD energy-level populations of LiH during interaction with three different laser pulses
(left: down-chirped, centre: resonant, right: up-chirped) polarized perpendicular to the molecular axis
and with peak intensity 3.51 TW/cm2. Illustration: Håkon Emil Kristiansen.

the Fourier transformation requires
very long signals, resulting in excessive
simulation times. In collaboration with
the group of Prof. Daniel Crawford at
Virginia Tech, Hauge has worked on
time-series forecasting techniques to
reduce the simulation time.
As is common practice, and usually
well motivated by physical arguments,
we have relied on the electric-dipole
approximation for the interaction between the electrons and the external
laser fields. Since algorithms for efficient evaluation of integrals over the
full electromagnetic vector potential
have been developed and implemented
recently, Aurbakken has been working
on an interface between our TDCC code
and the OpenMolcas code to enable simulations of laser-driven many-electron
dynamics using the exact semiclassical
interaction operator. This development
uses the Dalton Project python framework and is a collaboration with Prof.
Roland Lindh at Uppsala University and
Dr. Lasse K. Sørensen at the Royal In-

stitute of Technology (KTH) in Stockholm. Using the projectors from Ref.
[2], we will soon report on the population differences resulting from the
exact semiclassical interaction versus
multipole expansions, including the
electric-dipole approximation. This will
also be combined with the time-series
forecasting to predict absorption spectra, including time-resolved transient
spectra.
Ofstad has been working on an implementation of the time-dependent
coupled-cluster perturbative-doubles
(TDCC2) model—an O(N5)-scaling approximation to the time-dependent
coupled-cluster singles-and-doubles
(TDCCSD) method—which will pave
the way for simulations of significantly larger systems, especially in conjunction with time-series forecasting.
The exact semiclassical interaction
will be used here as well. In addition,
Ofstad has developed an interface to
the QUEST code so that the effects of a
static uniform magnetic field can be ac-

counted for in a nonperturbative manner. The latter work is a collaboration
with Andy Teale, the main developer
of QUEST.
These efforts are based on molecular orbitals expanded in conventional Gaussian basis sets, which are specifically
designed for the description of bound
states and, therefore, prevent us from
studying extremely nonlinear optical
processes such as the high-harmonic
generation (HHG). Such strong-field
phenomena require basis functions that
span continuum states. A typical solution is to use real-space methods such
as the discrete variable representation
(DVR). Kristiansen is working on a new
Gaussian-based approach to continuum
states based on the observation that
simple particle-in-a-box wave functions
provide an alternative complete basis
for simulations in a finite simulation
box, see Figure 2.
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Figure 2: Comparison of the HHG spectra of a 1D hydrogen atom computed using DVR and particle-in-a-box states.
The driving laser is a 3-cycles 800 nm pulse with peak intensity 31.6 TW/cm2. The DVR result can be considered exact
within the finite simulation box. Illustration: Håkon Emil Kristiansen.

Spectroscopy in complex
environments
Spectroscopy in complex environments
is another key development area at the
Hylleraas Centre. A major milestone
was reached in 2020 with the completion of the development of a polarizable
embedding (PE) methodology for the
calculation of both harmonic and anharmonic vibrational spectra of molecules
embedded in complex environments.
This work forms the basis for the PhD
thesis of Karen O. H. M. Dundas, which
was submitted on Christmas Eve 2020
and successfully defended on February 23 2021. In addition to Dundas, this
work involved Hylleraas researchers
Dr. Jógvan Magnus Haugaard Olsen,
Dr. Magnus Ringholm, and Dr. Maarten
Beerepoot. In this approach, the central
part of the system for which vibrational
frequencies are being sought is treated
by quantum mechanics, while the surrounding environment is described by
a classical polarizable force field. The
approach thus belongs to the class of
quantum-mechanics/molecular-me-
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chanics models (QM/MM). However,
what separates the PE model from most
other QM/MM methods is that it can
include electric multipoles and polarizabilities to arbitrary orders, allowing
induced multipoles to be generated by
the local electric fields. The PE model
is thus open-ended both with respect
to multipole-moment order and the
order of the polarizabilities. Moreover, the PE model does not rely on a
reparametrized force field — instead,
the parameters can be derived from
first-principles calculations on the fragments that make up the environment,
allowing the model to be applied to a
wide range of molecular systems.

Open-ended response theory
The approach for calculating vibrational
frequencies and infrared and Raman intensities using the PE model was developed within the OpenRSP framework,
allowing us to obtain both harmonic
and anharmonic vibrational spectra.
Anharmonic corrections allow us to
model overtones, combination bands

as well as Fermi resonances, which
only appear in computational studies
if we go beyond the harmonic model.
Additionally, the possibility to calculate
anharmonic corrections provides us
with more accurate estimates of the
fundamental vibrational frequencies
and the corresponding intensities. This
work is being written up for publication.
OpenRSP is fully open-ended with
respect to the number of applied perturbations, meaning that the developments made now allow us to also
obtain nonlinear vibrational spectra,
such as hyper-Raman spectra. This will
be particularly important towards the
longer-term goals of modelling multidimensional spectra in different frequency ranges, as this requires us to include
nonlinear effects both for vibrational
and electronic responses.
A major milestone in 2020 was the
1.0.0 release of the OpenRSP program
library for the open-ended calculation
of response properties. Important for
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this release of OpenRSP was the 2020
release of the LSDalton quantum-chemistry program, as LSDalton provides
OpenRSP with unique high-order inte
gral derivatives and a general framework for generating unperturbed and
perturbed density and Fock matrices.
Both releases involved a significant
amount of work of many Hylleraas
members from Tromsø and Oslo. Important contributions were the oneand two-electron integrals needed for
calculating vibrational spectra in complex environments developed by Simen
Reine and new routines for calculating
exchange–correlation contributions by
Dr. Radovan Bast at the High-Performance Computing (HPC) group at UiT
The Arctic University of Norway.
Ringholm has during 2020 continued
the development of the theoretical
foundations for a Liouville-space response theory for approximate states
intended for future application to advanced spectroscopic experiments. The
development of a test implementation
of this theory was undertaken and its
early 2021 results are encouraging.
Ringholm has also been involved in a
collaboration with Prof. David Klug at
Imperial College London, United Kingdom, for the joint computational and
experimental investigation of two-dimensional infrared spectroscopy for
biochemical systems.

Relativistic complex polarization
propagator
When heavy elements are present in
a molecule or when properties of the
electron density close to the nuclei are
sought, relativistic effects become im-

portant. Another area of research in RT3
during 2020 has been the development
of a two- and four-component relativistic complex polarization propagator approach, a work led by Hylleraas postdoc
Dr. Lukas Konecny together with Dr.
Michal Repisky and Kenneth Ruud. The
complex polarization propagator allows
both dispersive and absorptive components of the polarization of a molecule in the presence of a frequencydependent electromagnetic field to be
calculated. Furthermore, the complex
polarization propagator allows us to
address any frequency range, including high-energy frequencies such as
those applied in X-ray spectroscopy.
Relativistic effects are essential to obtain even qualitatively correct X-ray
spectra (except for excitations out of
s-type orbitals). This happens since the
otherwise degenerate p and d orbitals
are split by the spin–orbit interaction,
giving rise to what are known as L
and M edges, respectively, in X-ray
absorption spectra. Close to the nuclei,
the splitting may be sufficiently large
to invalidate perturbation theory. In
two- and four-component relativistic
treatments, the L and M edges appear
naturally as all spin–orbit interactions
are included variationally.
During 2020, we applied the relativistic complex polarization propagator
approach to the study of the L and M
absorption edges in a series of metal
complexes. This work has been done by
Konecny, Repisky and Ruud together
with Dr. Jan Vicha from the Tomas Bata
University of Zlin in the Czech Republic
and Dr. Stanislav Komorovsky of the
Slovak Academy of Sciences in Brati-

slava, Slovakia. In parallel, we studied
the X-ray circular-dichroism spectra
of tiophene-containing molecules together with Prof. Patrick Norman of
the Royal Institute of Technology (KTH)
in Stockholm, Sweden, and Dr. Nanna
List, now at Stanford University, USA.
X-ray circular dichroism is still a new
experimental technique, for which
theoretical data can provide useful
benchmarks and insight. A particular
challenge with the thiophene-based
systems chosen for this investigation
proved to be the presence of two thiophene rings, giving rise to two almost
degenerate excited states of opposite
polarization that made it difficult to
obtain a correct electronic description
of these molecules.

Excitation and relaxation pathways
Together with Dr. Mehboob Alam of the
Indian Institute of Technology, Bhilal,
India, Maarten Beerepoot and Kenneth
Ruud extended their generalized fewstate model for rationalizing nonlinear
excitation pathways to the study of first
hyperpolarizabilities [3]. This approach
allows the dominant excitation pathways supporting large hyperpolarizabilities to be analysed, which in turn
can help in the design of compounds
with large hyperpolarizabilities. The
same approach has been applied to
understand two-photon absorption
in host–guest complexes [4]. Together with visiting PhD student Maria
Rossano-Tapia and Prof. Alex Brown
of the University of Alberta, Canada,
Magnus Olsen published a study of
two-photon absorption cross sections
in fluorescent proteins containing noncanonical chromophores using the PE
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model [5]. This article is based on the
work that Rossano-Tapia did during
her extended visit to Tromsø in 2019.
Continuing his fruitful collaboration
with Russian colleagues, Ruud has
published a paper with Dr. Vladimir
Pomogaev and his colleagues at Tomsk
State University in Russia on the photophysical properties of halogenated
tetraphenyl-boron-dipyrromethene
[6]. By considering the many possible
pathways for internal conversion and
intersystem crossings arising from
spin–orbit coupling, they were able to
rationalize the origin of the anomalous
properties of different halogenated species for triplet sensitization and their
fluorescence properties.

NMR shielding constants
Together with Dr. Andrej Antusek of
the Slovak University of Technology
in Trnava, Michal Repisky has studied the absolute shielding constants
of transition metals using relativistic
density-functional theory together
with coupled-cluster theory [7]. This
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approach allows highly accurate theoretical estimates of the absolute shielding constants of these transition metals
to be obtained, which can then be combined with experimental data to update
the nuclear magnetic moments of these
nuclei. Historically, nuclear magnetic
moments have been derived under the
assumption of a negligible diamagnetic
contribution to the atomic shielding, an
approximation that on several occasions
has been proven to be too crude, as was
the case for these nuclei.
A work that demonstrated the combined
strength of the two nodes of the Centre
was a study led by Hylleraas postdoc
Dr. Abril C. Castro together with David
Balcells, Trygve Helgaker, Michele Cascella and Michal Repisky, in which they
combined ab initio molecular dynamics
simulations in a complex environment
with relativistic calculations to study
the proton nuclear magnetic resonance
(NMR) spectra of metal polyhydrides
[8]. Proton NMR chemical shifts can be
significantly affected by the presence
of heavy elements through relativis-

tic effects, in particular, by spin–orbit
coupling. Their study showed that,
for these systems, both relativity and
dynamics are essential to reproduce
experimental data — or to correct experimental assignments when these
are incorrect, as happened in this case.
This study is also presented in more
detail in one of the Highlights of this
Annual Report.
In a collaboration involving Katarzyna
Jakubowska from the University of Warsaw (a former visiting PhD student to
the Hylleraas Centre), Dr. Pawel Swider
and Prof. Michal Jaszunski of the Polish
Academy of Sciences, and Dr. Stanislav
Komorovsky of the Slovak Academy of
Sciences, Michal Repisky analysed and
visualized the relativistic NMR indirect
spin–spin coupling constants across
Se–Se, Se–Te and Te–Te bonds, with
focus on through-space contributions
to the coupling constants [9].

Multiwavelets
The multiwavelet code MRChem being
developed at the Hylleraas Centre un-
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der the leadership of Luca Frediani was
used by PhD student Anders Brakestad
together with Stig Rune Jensen, Peter
Wind, and Kathrin Hopmann and international collaborators to compile a
definitive benchmark set of basis-set
limit results for the polarizabilities of
124 different molecular species [10].
These results constitute a valuable reference for future developments of basis
sets for calculating electric properties.

Vibrational circular dichroism
Finally, our long-standing efforts to
understand the predictive capabilities
of vibrational chiroptical spectroscopies
such as vibrational circular dichroism
(VCD) for the determination of chiral
centres in conformationally flexible
cyclic peptides were in 2020 pushed
forward by PhD student Karolina Eikås
under the supervision of Beerepoot and
Ruud. A preliminary observation is that,
contrary to common expectations, dispersion corrections appear to reduce
the agreement with experimental spectra. Preliminary results also suggest
that VCD spectroscopy has the ability

to determine the chirality of these cyclic peptides even when multiple chiral
centres are present, suggesting that
VCD spectroscopy may become a valuable tool for determining the absolute
configuration of such compounds also
when they occur in natural compounds
extracted from marine funghi.
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RT4

Extreme Environments
Principal investigators:
Trygve Helgaker and
Kenneth Ruud

In RT4, we explore the exotic, sque
ezed and distorted chemistry of
ultrastrong magnetic fields and
high pressure. In 2020, we continued our studies of molecular
electronic structure in strong
magnetic fields, publishing an
extensive study of the helium
dimer in a magnetic field. In the
course of the year, our attention
turned to molecular dynamics in a
magnetic field, including the correct description of the velocitydependent Lorentz force.

–

Magnetically induced currents

Four papers were published within RT4
in 2020. These papers concern molecules in soft confinement potentials [1],
magnetically induced currents in mole
cules [2], the treatment of molecules
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in a strong magnetic field beyond the
Born–Oppenheimer approximation [3],
and an extensive study of the helium
dimer in a strong magnetic field [4].
In addition, one paper on molecules
in a nonuniform magnetic field was
submitted in 2020 and published in
early 2021 [5], while two manuscripts
on molecular dynamics in a strong magnetic field [6,7] were in an advanced
stage of preparation at the end of 2020.
The work on molecules in confinement
potentials [1] was discussed in the last
year's Annual Report and will not be
covered further here.
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In Analyzing magnetically induced currents
in molecular systems using current-density-functional theory [2], a suite of tools
for analysing magnetically induced
currents in molecular systems was
introduced—applicable both in the
weak-field regime (accessible also by

existing response-theory methods) and
in the strong-field regime (inaccessible
by response theory). For the analysis of
magnetically induced current susceptibilities, a new disc-based scheme was
proposed, providing integration quadratures that are consistently defined
between different molecular systems
and applicable not only to planar systems (as previous schemes) but also to
more general systems, all in a black-box
manner (Figure 1).
The usefulness of this approach was
demonstrated for a range of planar ring
systems, the ground and excited states
of the benzene molecule, and for the
ring, bowl, and cage isomers of C20 in
the presence of a weak magnetic field.
In the presence of a strong magnetic
field, the para- to diamagnetic transition of the BH molecule was studied,
demonstrating that magnetically induced currents present a visual inter-
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Figure 1: Left: Magnetically induced currents in benzene in the ground state, for a field of 0.0001 B0 perpendicular to the molecular
plane. Middle: Disc-based quadrature for the benzene molecule. Right: Bond current susceptibilities assigned by use of the discbased quadrature (nA/T) for benzene. All values calculated at the cTPSSh/6-31G* level. Reprinted with permission from Ref. [2].
Copyright 2020 American Chemical Society.

pretation of this phenomenon, giving
insight beyond what can be achieved
by linear response methods.

Molecules in a magnetic field beyond
the Born–Oppenheimer approximation
In an ongoing collaboration with Prof.
Ludwik Adamowicz, University of Arizona, we have over the last few years
studied atomic and molecular systems
in a magnetic field without the assumption of the Born–Oppenheimer approximation. In A quantum-mechanical nonBorn–Oppenheimer model of a molecule
in a strong magnetic field [3], we studied
the lowest singlet and triplet states of
the HD molecule in the presence of a
magnetic field. In these calculations,
the total molecular wave function
was expanded in all-particle explicitly correlated Gaussians (ECGs) and
variationally optimized with respect
to linear and nonlinear parameters,
with the inclusion of spin and orbital

Zeeman interactions for all particles
at field strengths 0.1B0, 0.2B0, and 0.3B0.
where B0 ≈ 235 kT is one atomic unit
magnetic field strength.
Whereas the singlet HD molecule is
strongly bound at all field strengths,
with a proton–deuteron expectation
value of 1.45a0, 1.44a0, and 1.42a0, respectively, at field strengths of 0.1B0,
0.2B0, and 0.3B0, (assuming parallel
field orientation), the corresponding
expectation values for the triplet state
are 4.62a0, 3.76a0, and 3.30a0 (assuming
perpendicular field orientation). The
shrinking expectation value indicates
increasing bond strength with increasing field strength for both states—the
effect is much more pronounced for the
triplet state, which is bound only in the
presence of a strong magnetic field. We
note that the triplet state becomes the
ground state at about 0.2B0.

Our calculations predict splitting of
the singlet and triplet energy levels
into four sublevels resulting from the
interactions of the magnetic field with
different spin states of the proton and
the deuteron. As expected, the splitting
increases with the strength of the field
and is significantly higher for the proton than for the deuteron.

Helium dimer in a magnetic field
In Bonding in the helium dimer in strong
magnetic fields: the role of spin and angular
momentum [4], we study the low-lying
electronic states and dissociation curves
of He2, at the full configuration-interaction (FCI) level of theory. Strong
magnetic fields dramatically rearrange
the spectrum, with the orbital Zeeman
effect bringing down states of higher
angular momentum below the S states
as the field strength increases. At the
same time, the spin Zeeman interaction
pushes triplet states below the lowest
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Figure 2: The lowest singlet (left),
triplet (middle), and quintet (right)
energy surfaces of the helium dimer
in a magnetic field of strength B0, with
labels x = R cos(θ) and y = R sin(θ)
where R is the bond distance and θ
the angle of inclination relative to the
field direction. All energies have been
calculated at the FCI level of theory in
an uncontracted aug-cc-pVTZ orbital
basis with counterpoise correction.
Whereas the singlet surface has a
minimum in the parallel field orien
tation, the triplet and quintet surfaces
have two minima. The triplet has a
global minimum in the parallel orientation and a shallow local minimum 
in the perpendicular orientation; the
quintet has a global minimum in the
perpendicular orientation and a local
minimum at an inclination of about
24°. The quintet is paramagnetically
bound by 20.0 millihartree in the
perpendicular orientation. Reproduced from Ref. [4] with permission from
the Royal Society of Chemistry.
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singlet. At a field strength of one atomic
unit, the ground state is a quintet. The
previously identified perpendicular paramagnetic bonding mechanism is found
to be common among the excited states
of helium and is often stronger than in
the ground state.
An unexpected but easily rationalized
finding of the helium study is the fact
that the preferred field orientation of
a given electronic state need not be
either parallel or perpendicular but
can be skew. Skew orientations arise
as a result of a competition between
antibonding orbitals (with a preferred
perpendicular orientation) and bonding
orbitals of nonzero angular momentum
(with a preferred parallel orientation).
In particular, while an antibonding σ
orbital has a preferred perpendicular
orientation in a magnetic field, anti
bonding π and δ orbitals have a preferred skew orientation. It should be
noted that, while these orbitals are

conventionally termed `antibonding',
they are paramagnetically bonding in
a magnetic field (Figure 2).
To address the loss of cylindrical symmetry and angular momentum as a
good quantum number for nontrivial
angles between the bond axis and magnetic field, we introduced in Ref. [4]
the almost quantized angular momentum
(AQAM) and showed that it provides
usef ul information about states in
arbitrary orientations relative to the
magnetic field vector.

Molecular response to a nonuniform
magnetic field
In Benchmarking density functional
approximations for diamagnetic and
paramagnetic molecules in nonuniform
magnetic fields [5], submitted in 2020 but
published in 2021, we continue a study
of molecules in nonuniform magnetic
fields. In a previous study, excited states
and electronic transitions were studied

Research Theme Activity Reports

–

Figure 3: Variation of the energy of BH with a uniform field B (left panel) and HOF with the curl of the field C (right panel), showing
an initial paramagnetic orbital response and eventually the quadratic Zeeman effect in both cases. Illustration: Stella Stopkowicz.

in a nonuniform magnetic field [6]; in
the present study, the concepts of diaand paramagnetism are examined in the
context of nonuniform fields. Atoms and
molecules are traditionally classified as
“diamagnetic” or “paramagnetic” based
on their isotropic response to a uniform
magnetic field. We here propose a more
fine-grained classification of molecular
systems on the basis of their response
to nonuniform magnetic fields. Perhaps most interestingly, we show that
paramagnetic behaviour can arise in
a molecule due to inhomogeneities in
the field even when its response to a
uniform field is diamagnetic, as is the
case for FNO and HOF (Figure 3).
Assuming that CCSD theory gives accurate results, the KT3 and cTPSS exchange-correlation functionals were
in Ref. [5] found to give the best performance among the density-functional-theory (DFT) approximations,
with the cTPSS functional performing

marginally better than the KT3 functional. The cTPSS and KT3 functionals
also perform well for the more difficult
paramagnetic molecules—in fact, better
than MP2 theory relative to the CCSD
model, in agreement with previous findings in Ref. [7]. The Hartree–Fock model
is surprisingly reliable for diamagnetic
molecules, with a more or less constant
error across all magnetic properties; the
paramagnetic molecules are far more
sensitive to the description of electron
correlation.

Molecular dynamics
In summer 2020, a research project
on molecular dynamics was initiated,
with the arrival of two postdoctoral
fellows Tanner Culpitt and Laurens Peters, financed by the RCN project Magnetic Chemistry. The aim of the project
is to develop and apply ab initio molecular dynamics in a magnetic field,
in a gauge-invariant manner for field
strengths up about one atomic unit B0,.

Such fully general calculations have not
been previously presented, although
Ceresoli, Marchetti and Tosatti in 2007
presented trajectory calculations of H2
in a perpendicular field orientation,
with an electronic Hamiltonian correct
to second order in the field strength and
a minimal-basis Hartree–Fock wave
function [8].
In a magnetic field, the atoms are subject to the velocity-dependent Lorentz
forces, not present in the absence of a
magnetic field. The presence of Lorentz
forces poses two challenges: the ab initio
evaluation of the Lorentz force in the
Born–Oppenheimer approximation and
the propagation of the classical trajectories on the Born–Oppenheimer potential
energy surface with the Lorentz force
included.
Regarding the Lorentz force, it is important to realize that the nuclei in a molecule do not experience the full external
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Figure 4: Influence of electron screening on the Lorentz force on the trajectory (left) and the resulting "translational" spectrum (b)
of He simulated at one atomic unit field strength. The frequency (right plot) corresponds to the cyclotron frequency of the rotation
indicated by an arrow (left plot). Illustration: Laurens Peters.

magnetic field but rather a field that has
been screened by the electrons in the
system. The total velocity-dependent
force consists of the Lorentz force and
a screening force or Berry force, arising
from the motion of the nuclei relative
to the electrons in the molecule, giving
rise to the following equations of motion for nucleus I of mass MI, charge Zı
and position RI:

Here U(R) is the usual Born–Oppenheimer potential energy surface, B the
magnetic field and Ĳ the antisymmetric Berry curvature matrix, constructed from nonadiabatic matrix elements
calculated from the electronic wave
function in the following manner

In our initial implementation, the Berry
curvature is calculated by finite dif-
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ferences [9]; work is ongoing for an
analytical evaluation of the geometric
vector potential.
In Figure 4, we illustrate the importance
of electron screening of the Lorentz
force for the simple helium atom. With
the Berry force included, the helium
atom moves in a straight line in the
field, as expected for a neutral atom;
without the Berry force, the helium
atom rotates unphysically in the magnetic field, at the cyclotron frequency
of the bare helium nucleus.
At the end of 2021, we performed the
first ever molecular dynamics of molecules in a strong magnetic field, using
a propagator of the classical equations
of motion developed explicitly for velocity-dependent forces, given that
the standard propagators cannot be
used for such forces. From these calculations, we calculated, for the first
time, rovibrational spectra of diatom-

ic molecules in a magnetic field. The
resulting spectra revealed a number
of surprising features not observed in
the absence of a magnetic field or in
weak magnetic field. These and other
developments will be discussed in the
next year's annual report.

Personnel and funding
Research in RT4 has in 2020 been supported by the RCN FRIPRO projects Molecular Spin Frustration (2015–2020) led
by Erik Tellgren and Magnetic Chemistry
(2020–2024) led by Trygve Helgaker.
Postdoctoral fellow Sangita Sen, who
has been working with Erik Tellgren
on molecules in a nonuniform magnetc
field, left the Hylleraas Centre to take
up a position at the Indian Institute of
Science Education and Research (IISER)
in Kolkata in June 2020. In July 2020,
postdoctoral fellows Dr. Tanner Culpitt
and Dr. Laurens Peters arrived in Oslo
to work on molecular dynamics, working together with Trygve Helgaker and
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Erik Tellgren on the Magnetic Chemistry
project.
PhD-student Jon Austad, who left the
Hylleraas Centre in 2019, defended his
PhD thesis Theoretical Investigations of
Molecular Electronic Structure in a Magnetic
Field in September 2020.
Bachelor student Laurenz Monzel from
Karlsruhe Institute of Technology (KIT)
visited the Hylleraas Centre from August 5 – December 15 2020, contributing
to the work on molecular dynamics in
a magnetic field.
In addition, Hylleraas affiliate Asst. Prof.
Andy Teale, University of Nottingham,
contributes to the research in RT4 as
does Prof. Ludwik Adamowicz, University of Arizona, whose usual summer
visit to the Hylleraas Centre was cancelled in 2020 because of the COVID-19
pandemic.
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RT5

Chemical Transformations
Principal investigators:
Odile Eisenstein and
Kathrin H. Hopmannn

RT5 applies computational methods to understand chemical reactions,
often in collaboration with experimental groups. A key goal is to simulate reactivity in complex environments, including reaction networks,
spectroscopic processes in solution, and metal–organic frameworks.
Machine learning is being introduced with the goal of exploring large
chemical spaces in homogeneous catalysis.

–

Base-metal catalysis

Catalytic oxidation
Master student Bastian Skjelstad studied C–H oxidation of alkane substrates
by cobalt-oxo cubanes [1]. These compounds mimic the structure and activity of photosystem II and their under
standing is crucial for the development
of efficient catalysts for oxidation of inert substrates, including water. Densityfunctional-theory (DFT) calculations
showed that the reaction follows a concerted proton–electron-transfer (CPET)
mechanism involving one of the bridgingoxo ligands (μ-O) of cubane. A naturalbond-orbital (NBO) analysis of the CPET
transition state revealed that the σ(μ-O)
orbital transferring the electron to the
σ∗(C–H) orbital is stabilized by the cobalt
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ley (USA) [2,3]. Skjelstad received his
master’s degree in April 2020 and is
now working as a PhD student in the
group of Prof. Satoshi Maeda in Japan,
from where he keeps collaborating with
Balcells on machine learning for catalysis.
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centres, showing that the metal core
of cubane plays an active role. The nature of the mechanism was inferred
by means of an intrinsic-bond-orbital
(IBO) analysis, making it possible to follow the electron rearrangements along
the reaction pathway connecting the
transition state to the reactants and the
radical intermediate. This mechanism
was consistent with experimental data,
including kinetics, cyclic voltammetry,
and pKa measurements.
The work of Skjelstad was carried out
under the supervision of David Balcells
and is part of the collaboration established in 2017 with the experimental
group of Prof. T. Don Tilley at UC Berke-

PhD student Julie Héron has worked on
a DFT study of the fundamental steps
in the copper-catalysed azide–alkyne
cycloaddition (CuAAC). The study of
this ‘click-chemistry’ reaction focuses on the reactivity of the bimetallic
core of the system and the electronic
and steric differences introduced by a
nonsymmetric P,N ligand. DFT methods
were combined with electronic-structure analysis and microkinetics models. Her calculations gave insight into
three critical steps: catalyst activation
by proton transfer from the alkyne
substrate to a bridging-phenyl ligand
(Figure 1A), azide-alkyne cycloaddition
in the catalytic cycle (Figure 1B), and
catalyst recovery by proton transfer
(Figure 1C). Because of the flexibility of
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Figure 1: Key transition states related to the CuAAC reaction.
Illustration: Julie Héron.

the system, a large reactivity space was
explored, revealing a complex interplay
between different factors, including ion
pairing and the partial decoordination
of the ligand. The correlations between
different molecular descriptors were
investigated, as was the possibility of
increasing the reactivity of the system
by modifying the nature of the ligand.
This work is done under the supervision
of Balcells, in collaboration with the
Tilley group [4].
The hydrosilation of alkenes is a widely
used catalytic transformation, of great
importance for the production of organosilanes and materials based on polysiloxanes. The Tilley group has recently
reported the rapid and selective hydrosilation of alkenes with Ph2SiH2, using
a Ni(II) catalyst. Nickel-based catalysts
are of considerable interest because
the greater abundance of Ni relative
to Pd and Pt. However, mechanistic
information is lacking, in particular,
due to the difficulty of characterizing
the reaction intermediates. DFT studies
by Odile Eisenstein have revealed the

presence of two coupled catalytic cycles based on [(NPN)NiH]+ and [(NPN)
NiSiR3]+ active species, with the latter
producing higher product yields. The
unexpected higher activity of the silylbased catalyst is not due to a more facile
insertion of alkene into the Ni–Si bond
relative to the Ni–H bond, but to the
consistent and efficient conversion of
the hydride to the silyl complex [5].
PhD students Linn N. Berntsen and
Julie Héron, supervised by Ainara Nova,
have used DFT methods to investigate
the mechanism for the Cu-catalyzed
arylation of hydantoin. This reaction,
developed by the group of Assoc. Prof.
Alexander H. Sandtorv at the University of Oslo, is the first catalytic process
allowing the selective N-3-arylation of
unsubstituted hydantoins. The experimental work was published in 2020,
with some hints on the plausible mechanisms that are now being explored
with DFT calculations [6].

Machine learning
The possibility of using machine learn-

ing to predict energy barriers of the
fundamental steps in homogeneous
catalysis is being investigated. The
classic example of oxidative addition
of H2 to Vaska’s complex was selected to develop a proof of concept. The
chemical formula of this complex was
generalized and expanded towards a
chemical space containing about 2000
complexes. Autocorrelation and deltametric functions operating on atomic
properties were used to compute the
molecular representations. The selected
machine-learning models were trained
with DFT data in regression tasks for
predicting energy barriers and transition-state geometries. Three different
methods were used to build the models:
deep neural networks (DNN), Gaussian
processes (GP), and gradient boosting
(GB). DNN reached high accuracies but
required most of the available data for
training. In contrast, GP provided an
optimal balance between data size and
accuracy, minimizing the mean absolute
error of the model for predicting barriers to 1 kcal/mol, using only 20% of the
data for training. However, predictions
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Figure 2: The tmQM dataset. Illustration: David Balcells.

were difficult to interpret with both
the DNN and GP models. This problem was solved by using GB models
fed by molecular representations enriched with Morgan fingerprints. The
GB models ranked the features by their
relevance, making it possible to identify
which molecular fragments were the
most important in each prediction. The
combination of this information with
NBO analysis enabled the rational interpretation of the model predictions.
This work was supported by an interdisciplinary network established by
Balcells, including Riccardo De Bin,
Associate Professor of Mathematics
at the University of Oslo, and Prof. Alán
Aspuru-Guzik, Professor of Chemistry
at the University of Toronto. The results
were published in Chemical Science and
featured on the inside front cover of
the journal [7].
With the aim of training more general,
and thus transferable, machine-learning
models, Skjelstad and Balcells worked
on the development of the large transi-
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tion-metal quantum-mechanics (tmQM)
dataset [8], containing the quantum
properties of 86000 compounds extracted from the Cambridge Structural Data
base (Figure 2). The properties, which
include geometries and HOMO–LUMO
gaps, were computed by combining
extended tight-binding (xTB) and DFT
methods. The tmQM dataset is open
and freely accessible to the community, through GitHub and QUANTUMMACHINE. The Research Highlights of
this report contain further details on
the machine-learning research of RT5.

Grignard reaction
The mechanism of the Grignard reaction, in which RMgX compounds react
with aldehydes or ketones in ether solvents yielding alcohols, has remained
a mystery since its discovery in 1900.
PhD student Raphael Peltzer under the
supervision of Prof. Michele Cascella
(RT2) and in collaboration with Odile
Eisenstein and Prof. Jurgen Gauss from
the University of Mainz (Germany) carried out ab initio molecular dynamics
(AIMD) and DFT calculations to unveil

this mystery. The study showed that
the reaction occurs simultaneously
through many channels of similar
energy involving intermediates with
one or two Mg centres. Nucleophilic
and radical pathways are in competition, with a preference for the latter
when the carbonyl substrate has a low
reductive potential. In all pathways,
solvent dynamics, which is properly
represented by the AIMD calculations,
plays a key role.
The study was published in the Journal
of the American Chemical Society [9] and
was commented on in several magazines with broad readerships, including
C&EN and Phys.org in the US, Scinexx and
Focus Online in Germany, and Titan and
Teknisk Ukeblad in Norway. The study
opened a new research direction, Revealing the Elusive World of Main-Group
Organometallic Chemistry: An Adventure
with Computational Chemistry, financed
by the Research Council of Norway in
2020. This Annual Report contains a
perspective on the Grignard study in
the Research Highlights.
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Figure 3: Influence of L on the 31P NMR chemical shift of Ru(II) complexes.
Illustration: Odile Eisenstein.

NMR simulations
The calculation of NMR responses is
a research field of interest at the Hylleraas Centre across different RTs. In
addition to method development, computational studies have been carried out
on large molecular species that are of
direct interest to experimental chemists.
In 2020, studies were carried on 1H and
31
P chemical shifts in metal hydride and
metal phosphine complexes.
NMR 31P chemical shifts of phosphine
ligands coordinated to transition-metal
centres have for a long time been considered as a fingerprint of the coordination sphere. The chemical shift of PA
in RuCl2(PA–N)(PR3)(L) with R = phenyl,
p-tolyl or p-FC6H4 with L = none, H2O,
H2S, CH3SH, H2, N2, N2O, NO+, C=CHPh,
and CO, has been shown to increase
with increasing Ru–PA bond distance, an
observation that was not rationalized. In
a collaboration with Prof. Brian R. James
at the University of British Columbia
(Canada), who did the experimental
studies (Figure 3). Odile Eisenstein and
co-workers carried out a computational

study of the entire series of Ru complexes. DFT calculations within the
zeroth-order regular approximation
(ZORA) reproduced reasonably well the
observed 31P chemical shifts for these
complexes and also the correlation between the shifts and the Ru–PA bond
distance as L varies. An analysis of the
principal components of the phosphorus chemical shift tensor shows how
the σ-donating properties of L have
a high influence on the phosphine
chemical shift. This accounts for the
most deshielded phosphine in the case
of the pentacoordinated RuCl2(PA–N)
(PR3) and the most shielded phosphine
for L = C=CHPh, and CO, despite their
π-accepting capability [10].
Abril Castro, a Marie Sklodowska-Curie
postdoctoral fellow at the Hylleraas
Centre, continued working in close
collaboration with Balcells on the
prediction of 1H chemical shifts for
the characterization of iridium polyhydride complexes, whose metal-bond
hydrides are often difficult to locate
by X-ray diffraction. By combining a

fully four-component relativistic approach with AIMD simulations, this
study provided a sophisticated and
reliable model to determine accurately both the terminal and bridging hydride chemical shifts, revealing that two
NMR hydride signals were inversely
assigned in the experiment. The work
involved an inter-RT team of Hylleraas
researchers with the complementary
expertise of Michal Repisky (RT3) in
relativistic methods and spectroscopic
processes, Trygve Helgaker (RT4) in
electronic-structure and response theory, and Michele Cascella (RT2) in AIMD
simulations. Following the publication
of this work in Inorganic Chemistry [11],
a book chapter with an overview of
recent advances in computational NMR
spectra prediction was published by the
Royal Society of Chemistry [12].

C–C bond formation with CO2

In the group of Kathrin Hopmann, a
main research area in 2020 was to
understand what factors govern the
mechanistic details of metal-catalyzed
carbon–carbon bond formation with
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Figure 4: Different mechanisms in the carboxylation of carbon nucleophiles and transition
state in the SE2 front pathway [13-24].

CO2. Generally, two pathways are considered: a direct insertion of CO2 into a
metal-nucleophile bond (inner-sphere
insertion) and an electrophilic substitution pathway (outer-sphere insertion,
Figure 4). The different pathways may
lead to different products and may be
affected differently by reaction additives. DFT calculations established
trends for the behaviour of different
metals and substrates, demonstrating
that the outer-sphere mechanism can
proceed through different paths (SE2
back and front).
Postdoc Diego Garcia-Lopez and PhD
student Ljiljana Pavlovic (both supervised by Hopmann) used DFT methods
to show that palladium and rhodium
complexes prefer outer-sphere CO2
insertion with benzylic substrates,
while inner- and outer-sphere insertions compete in the case of copper [15].
This finding implies that copper may be
less useful for developing asymmetric
carboxylation reactions, because the
competing inner- and outer-sphere
carboxylations would destroy any
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enantioselectivity. On the other hand,
PhD student Marc Obst showed that
the behaviour of copper is substrate
dependent, with non-benzylic carbons
strongly preferring inner-sphere carboxylation [16]. Copper may therefore
be applicable in selective reactions for
certain substrate classes.
This work was performed together with
the experimental postdoc Ashot Gevorgyan, hired on Hopmann’s Tromsø
Forskningsstiftelse (TFS) project, and
Prof. Annette Bayer (UiT). The mechanistic insights into copper-catalyzed
carboxylation were in 2020 published
as part of an Organometallics special
issue, Organometallic chemistry for enabling CO2 utilization, edited by Hopmann
together with the guest editors Prof.
Nilay Hazari (Yale University) and Prof.
Nobuharu Iwasawa (Tokyo Institute of
Technology) [17]. In September 2020,
Obst successfully defended his PhD
thesis [18].
Pavlovic extended the work on rhodium
to show that outer-sphere carboxylation

transition states can be classified as
representing front-side and back-side
attacks (Figure 4) [19]. For ligands containing an N-heterocyclic ring, an interesting stacking interaction with CO2
can be observed, which potentially can
be used to tune the behaviour of CO2.
In August 2020, Pavlovic successfully
defended her PhD thesis [20].
In September 2020, Pavlovic was hired
as a postdoc on a new FRIPRO project
CATCHME, awarded to Hopmann by the
Research Council of Norway to identify
molecules that can bind and activate
CO2. Part of her work involves assessing superbases as potential molecules
for CO2 capture, in collaboration with
Prof. Timo Repo at Helsinki University.
Pavlovic is also continuing her work on
Co-catalyzed hydrogenation reactions
in collaboration with Prof. Paul Chirik
at Princeton University. As part of the
CATCHME project, bachelor student
Kristine Rein studied the usefulness of
biotin for binding and activating CO2,
with a bachelor project successfully
completed in June 2020.
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Figure 5: Key parameters in the screening of co-catalysts for the hydrogenation of
amides. Illustration: Ainara Nova.

During the fall of 2020, PhD student
Dat Do Cuong (supervised by Hopmann
and Pavlovic, in collaboration with the
Repo group) studied titanium-catalyzed
carboxylation reactions, with the results
about to be submitted. The focus then
shifted to enantioselective copper-catalyzed carboxylations, in collaboration
with the experimental members of the
CHOCO team and Prof. Annette Bayer
(UiT). In November 2020, PhD student
Jhonnatan Carvalho joined the team, as
part of the newly started CO2PERATE Innovative Training Network led by Hopmann. Carvalho will focus on nickelcatalyzed carboxylation reactions in
collaboration with the group of Prof.
Ruben Martin at the Institute of Chemical Research of Catalonia (ICIQ) and will
work closely with Obst, who is continuing his work in the Hopmann group as a
researcher. Obst has previously shown
that the phenanthroline-Ni complexes
developed in the Martin group prefer
inner-sphere CO2 insertion reactions,
in a project that was published in the
Journal of American Chemical Society in
2020 [21].

To examine methodologies used in computational homogeneous catalysis, the
Hopmann group began in 2020 to apply
multiwavelets to reaction mechanisms,
to obtain DFT electronic energies at
the complete basis-set limit. This work
is performed by PhD student Anders
Brakestad (supervised by Kathrin
Hopmann and Luca Frediani) with the
MRChem program developed by Frediani (RT1, UiT). The first ever application
of multiwavelets to transition metals
has been submitted for publication [22].
This work builds on Brakestad’s experience with multiwavelets applied to
polarizabilities of 124 small molecules,
including CO2, published in the Journal
of Chemical Theory and Computation in
2020 [23].

CO2 hydrogenation

The reduction of captured CO2 to methanol using hydrogen from renewable
sources is a reaction of high interest,
which allows for recycling this greenhouse gas into liquid fuels and chemicals. This reaction is mechanistically
complex and different strategies are

being developed by using both homogeneous and heterogeneous catalysts.
The most efficient homogeneous system
for this reaction combines metal-ligand
bifunctional complexes and amines to
yield methanol via amide intermediates.
While the hydrogenation of CO2 to
formate has been extensively studied,
less is known about the mechanism for
the hydrogenation of amides (Figure
5). The reaction was studied by PhD
student Lluís Artús-Suàrez under the
supervision of Ainara Nova, using Feand Mo-based catalysts [24,25]. In our
latest work, published in 2020, the
mechanistic understanding gained of
the Fe-catalyst was used to perform a
computational screening of co-catalysts
to accelerate the hydrogenation of alkyl
amides [26]. Triazabicyclodecene (TBD)
was the best co-catalyst found with DFT
calculations. This organic compound
assists the proton transfers required in
the key C–N bond cleavage step, preventing the formation of stable adducts
poisoning the catalyst. Experiments
later confirmed that the combination
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Figure 6: Models used in the computational study of CO2 hydrogenation
by a Pt-NP encapsulated in the UiO-67 MOF. Illustration Ainara Nova.

of TBD with (iPrPNP)Fe(H)(CO) yields
a highly active system in the catalytic
hydrogenation of amides.
Despite many advances in the homogeneous hydrogenation of CO2 to
methanol, limitations still hamper its
industrial application. By contrast,
well-defined nano-porous materials
such as metal–organic frameworks
(MOFs) are attractive heterogeneous
catalysts with the potential to be rationally designed and easily recovered.
With the goal of using the knowledge
gained in the CO2 hydrogenation reaction to design efficient MOF-based
heterogeneous catalysts, the group of
Nova initiated in 2019 a research line on
this topic, which has received funding
from NordForsk (NordCO2 consortium)
and the Research Council of Norway
(CO2pCat FRIPRO Project for Scientific
Renewal). In these projects, the mechanism of MOFs containing metallic nanoparticles (NPs) and single-site catalysts
anchored in linkers and/or nodes will
be explored.
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The first results on a Pt-NP encapsulated in the UiO-67 MOF able to hydrogenate CO2 to methanol were published in
two consecutive papers in 2020 [27,28].
This work was done by researcher
Torstein Fjermestad and PhD student
Harsha Pulumati, in collaboration with
the group of Prof. Unni Olsbye (University of Oslo) and Egill Skulason (University of Iceland). In the first study, it
was found that methanol is formed at
the interface between the Pt-NP and
the Zr node via formate. The formation
of this intermediate was studied using
DFT and a periodic model containing
Pt-NPs of different sizes in a tetrahedral
pore (Model 1 in Figure 6).
The energy computed for these systems
revealed that the Pt-NP growth enables
the displacement of linkers generating
open Zr sites. The relation between the
number of defects and methanol yield
was confirmed in the second publication, which also revealed an important influence of water on the reaction
selectivity. The calculations showed

that methanol is adsorbed more weakly
on less hydrated and more defective
nodes, in agreement with experiment.
The complexity of this system was explored by combining microkinetic and
cluster models (Model 2 in Figure 6).
Further work is underway to determine
the mechanism of CO2 hydrogenation
on the NP-node interface.

Au(III) Catalysis
The collaboration of RT5 with Prof. Mats
Tilset to explore the potential of Au(III)
complexes in catalysis has continued
in 2020. Thanks to DFT calculations,
Dr. Vladimir Levchenko, supervised by
Ainara Nova and David Balcells, found
that the selectivity in the synthesis of
cyclometalated Au(III) dihalides complexes when using aqua regia with HX
(X=Cl, Br, I) is driven by thermodynamic
effects [29]. Nova also worked on the
electronic-structure characterization
of novel Au(III) η3-allyl complexes,
which was synthesized by Dr. Marte
S. M. Holmsen [30]. In this study, the
high asymmetry of the metal centre
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observed by NMR was understood by
means of DFT calculations on the η1to-η3-allyl exchange mechanism. The
collaboration of Nova and Holmsen
on allyl-Au(III) complexes will continue thanks to a FRIPRO mobility grant
awarded to Holmsen in 2020, allowing
her to extend her postdoctoral stay in
the group of Dr. Didier Bourissou (Université Paul Sabatier, Toulouse, France)
by two years, with a return phase at the
University of Oslo in 2023.

Pitfalls of Computational Catalysis
Computational methods based on
quantum-mechanical modelling are
increasingly used to provide insight into
mechanistic aspects of organometallic
reactions. There is thus an increased
awareness of the numerous pitfalls to
be avoided when performing a computational study of reaction mechanisms.
Members of RT5 have regularly published on this topic. In 2020, Eisenstein,
together with Profs. Gregori Ujaque
and Agustí Lledós from the Autonomous University of Barcelona (Spain),
wrote the introductory chapter What
Makes a Good (Computed) Energy Profile?
in a volume of Topics of Organometallic
Chemistry [31].
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RT6

Multiphase Systems
Principal investigators:
Bjørn Olav Brandsdal and
Michele Cascella

Figure 1: A simplified side view of the MD simulation system. The light grey pads
represent water, while the middle light green pad represents the phospholipid bilayer.
The green spheres at the upper and lower borders of the phospholipid bilayer are
phosphorous atoms of the lipid head groups. Illustration: Laura Liikanen.

The RT 6 team applies computer
simulations to important problems in chemistry, biology and
physics. Activities in 2020 have
focused on antimicrobial resistance, temperature dependence
of chemical rates, aggregation of
charged surfactants, and lipids.

–

Antimicrobial resistance
We have in 2020 continued our work on
antimicrobial resistance — in particular,
on membrane active compounds, which
are believed to have a mode of action
that prevents resistance from occurring. Cellular membranes are complex
structures that separate the contents
of cells from the outside environment,
consisting mainly of amphiphilic lipids.
They contain a great variety of lipids
and different regions may adopt various
fluid and solid phases, where the former
is biologically most relevant.
An E. coli inner membrane model
with a 4:1 PE:PG (phosphatidylethanolamine:phosphatidylglycerol)
ratio was used to examine the mode
of action of a series of barbiturates.
These compounds are amphipathic and
contain two positive charges, either as
amine or guanidinium groups. An example of a typical molecular-dynamics
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(MD) simulation of a compound with
high antimicrobial potency is presented
in Figure 1, where the barbiturate rapidly
enters the membrane environment and
adopts a wedged conformation. The
rapid membrane insertion is expected
since the membrane surface has a net
negative charge and the compounds
have a net positive charge. In most MD
simulations, the molecules stay incorporated in the membrane throughout the
duration of the simulation. However, it
is also observed that some compounds
leave the membrane for a short period
of time.
This work was carried out by PhD student Laura Liikanen under the supervision of Bjørn Olav Brandsdal, resulting
in a joint publication with experimentalists and a stand-alone modelling paper. In addition, a master student, who
began work on this project in 2020, will
investigate the mode of action of cyclic

Figure 2: The startup page of the REACT software.
Illustration: Geir Isaksen.

hexapeptides, also in collaboration with
experimentalists.

Temperature dependence
of catalytic rates
The overarching goal of the Toppforsk
project Evolutionary Principles of Biocatalysts from Extreme Environments of
Bjørn Olav Brandsdal is to understand
the temperature dependence of enzymatic processes, with focus on which
structural modifications are required
for enzymes to maintain high catalytic
activity at temperatures close to the
freezing point of water. The universal
fingerprint of enzymes adapted to a
cold environment is a reduction of the
activation enthalpy and a more negative
activation entropy. According to transition-state theory, the reduction of the
activation enthalpy renders the catalytic
rates less sensitive to temperature. The
mechanism by which this is achieved
is now emerging but is not yet fully

understood — simulations indicate that
a tuning of the protein surface mobility
is involved.
The approach used to investigate the
enthalpy–entropy balance is to describe
the chemical reaction with the empirical-valence-bond (EVB) method. While
this method allows for the determination of the activation free energy, the
activation enthalpy and entropy can be
determined by performing the calculations at 5–8 different temperatures and
constructing a computational Arrhenius
plot. This concept has been successfully
used to study several enzymatic and
solution reactions.

used to calibrate the EVB Hamiltonian
for an uncatalyzed reaction. PhD student Bente Sirin Barge and researcher
Dr. Geir Isaksen have made a software
(REACT) to facilitate the process of
creating cluster models; see Figure 2.
REACT is a modern molecular-science
software package primarily aimed at
relative energy calculations with DFT. It
offers its users a new way of managing
computational projects in a structured
manner with great flexibility and efficiency. An intuitive design helps the
user keep track of the many geometry
files and input and output files generated at every stationary point from a
given reaction pathway.

An important step in EVB simulations
is to parametrize a suitable reference
reaction by calculating reaction and
activation free energies from cluster
models using density-functional theory
(DFT). The resulting values are then

The increase in computational power
witnessed over the last decades has
made it possible to build increasingly
large cluster models of enzymes. However, creating such cluster models is
time consuming and prone to human
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Figure 3: A comparison of relative energies for the conversion of chorismate to prephenate
calculated with the B3LYP and M06-2X exchange–correlation functionals of DFT with
zero-point vibrational corrections and solvation corrections obtained from the conductorlike-polarizable continuum model (CPCM) and from the solvation model based on density
(SMD). Illustration: Geir Isaksen.

error. With the open-source PyMOL
code included in REACT, the user can
easily prepare protein cluster models of
any size for DFT calculations. Efficient
analysis is enabled through automatic
calculations of relative energies, with
options to include corrections for solvation, dispersion, and vibrations. Results can be graphically represented in
several different ways.
A difficulty with cluster models is their
dependence on the exchange–correlation functional of DFT; see Figure 3. The
remedy to avoid this has been suggested
by Mulholland and co-workers [1] and
consists of a multilayer approach with
coupled-cluster theory for the reacting
fragments, DFT for the middle layer
and molecular mechanics (MM) for the
surrounding parts.
In the case of conversion of chorismate
to prephenate, the experimental acti-
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Figure 4: Mechanism of SDS self-assembly. Salt-induced changes in the symmetry of the aggregating unit lead
to different global shapes for the micelles. Illustration from Ref. [2], Creative Commons licence (CC BY 4.0).

vation free energy is 24.5 kcal/mol, in
agreement with DFT calculations using
B3LYP with the conductor-like polarizable continuum model (CPCM). Use
of the reaction free energy from this
calculation to calibrate the EVB Hamiltonian for the uncatalyzed reaction
gives activation free energy, enthalpy
and entropy in excellent agreement with
experiment. Perhaps more impressive
is the fact that this parameterization
also reproduces the thermodynamic
activation parameters for chorismate
mutase from Bacillus subtilis and Pseudomonas aeruginosa. This work has been
carried by PhD student Ryan Wilkins
and Dr. Geir Isaksen.
In addition to the chorismate mutase,
we are investigating the enthalpyentropy balance using several other enzymes, including lipases, esterases, and
nucleases. For all of these enzymes, we
have developed a pipeline that enables

us to produce enzymes and variants for
biochemical characterization and computer simulations. The combined theoretical and experimental setup allows
the rational redesign of catalytic activity
and thermostability of enzymes based
on the thermodynamics and structural
insights obtained with EVB simulations.

Aggregation of multiphase systems
Sodium dodecyl sulfate (SDS) is one
of the most studied amphiphiles because of its wide range of applications
in science and industry. It provides an
archetypical example of the complexity
in predicting how surfactants aggregate
in water. Despite its simple structure,
SDS micelles show a complex behaviour
in responding to different concentration
conditions. At low concentrations, SDS
assembles into regular small spherical
micelles of about 2–3 nm in radius; at
increased concentrations, SDS micelles
undergo a morphological transition,

transforming into cylindrical structures
of lengths 100 – 1000 nm. Moreover, this
transition can be drastically enhanced
by the presence of a significant excess
of salts in the solution.
Surfactant aggregation is usually rationalized in terms of optimal packing of
the molecular shapes, but the presence
of long-range electrostatic interactions
challenges this interpretation. Combining small-angle X-ray and neutron
scattering (SAXS/SANS) data and hybrid
particle-field (hPF) simulations, we were
able to show that the transition from
spherical to cylindrical shapes is accompanied by a change in the localization of
the bound counterions on the surface of
the micelles [2]. Using a simple charge
model, we demonstrated how, at the
different conditions, the counterions
may prefer to bind either to individual
SDS molecules or to pairs of SDS molecules. In the latter case, self-assembly
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Figure 5: Structure of ADOH and its aggregation behaviour in different solvents.
Illustration from Ref. [4], under Creative Commons licence (CC BY 4.0).

occurs not by aggregation of individual,
cylindrically-symmetric molecules but
by aggregation of supramolecular lower-symmetry units (Figure 4). This symmetry breaking is ultimately responsible
for the appearance of the tubular aggregates observed in the experiment.
This study was initiated by visiting
PhD student Ken Schäfer from the
group of Prof. Jürgen Gauss (Johannes
Gutenberg-University, Mainz), together with former Hylleraas postdoc Dr.
Hima Bindu Kolli and the group of
Hylleraas affiliate Assoc. Prof. Reidar
Lund (University of Oslo). The work
also involved a collaboration with Prof.
Giuseppe Milano (University “Federico
II”, Napoli, Italy).
This research is now being extended
to the exploration of the aggregation
and photo-induced micelle dynamics
of charged diazo-benzene derivatives.
This work is being carried on by PhD
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student Victoria A. Bjørnestad at the
University of Oslo.

of aggregates above a formal critical
micellar concentration (cmc) of about
100 mM.

Inverted polarized surfactants
Is it possible to design exotic biological lipid-mimicking surfactants that
may form membrane-like assemblies in
apolar solvents (e.g., methane), which
are abundant on exo-planets and their
satellites? This fascinating question,
which hints at the possibility of developing alien forms of primordial life
in the universe, was at the basis of a
pioneering work by an experimental
group at the University Ca’Foscari of
Venice, where they synthesized surfactants composed of a small, compact
hydrophobic moiety (with a menthol or
cubane scaffold) attached to a longer
hydrophilic poly-ethyl-glycol moiety
(Figure 5). The aggregation properties of
this prototypic model of a sphingolipid
with an inverted polarity (called DAOH
hereafter) were studied in cyclohexane,
giving indirect evidence of the existence

To verify the existence and the nature
of such assemblies, PhD student Manuel
Carrer at the Hylleraas Centre employed
a combination of all-atom and coarsegrained hPF simulations of DAOH in
water and in cyclohexane at different
concentrations [3,4]. The simulations
showed that, in water, DAOH forms
regular spherical inverted micelles,
with buried hydrophobic heads and
solvent-exposed hydrophilic tails, with
an estimated cmc of about 13.5 mM. In
cyclohexane, by contrast, DAOH showed
a dramatically reduced tendency to form
stable aggregates, with independently
solubilized monomers at low concentration and a supercritical behaviour at
concentration above the experimentally
determined cmc. The supercritical phase
is characterized by a nonhomogeneous
distribution of the surfactant in the sys-

Figure 6: Thermodynamic cycle used to compute the binding affinity of citrate to an
MNP. Panel d shows the existence of hydrophobic patches at equilibrium. Illustration
from Ref. [5], under Creative Commons licence (CC BY 4.0).

tem, with a rapid interchange of spatial regions with dispersed monomers
and regions with denser aggregates.
The presence of such a supercritical
phase in the experimental sample was
confirmed by matching the dynamics
of DAOH with diffusion coefficients in
water and in cyclohexane and also by
matching the change in the SAXS profile
at different concentrations.

polar moieties to increase the “lipophobic” effect driving the collapse of the
surfactants.

Although the simulations did not lead
to stable self-assembled structures in
cyclohexane at room temperature, the
identification of a supercritical phase
suggests that, at a lower temperatures
and higher pressures (e.g., at the conditions for liquid hydrocarbons characterizing the surface of Saturn’s moon
Titan), such aggregates may form. It may
also be brought about by a chemical
modification of DAOH — for example, by
introducing a second poly-ethyl-glycol
tail to reduce the loss of entropy upon
micellization or by introducing more

Aggregation of metal nanoparticles

This work was carried out in close
collaboration with the group of Prof.
Achille Giacometti, Ca’Foscari University, Venice, Italy and with Prof. Giuseppe
Milano, University “Federico II”, Napoli,
Italy.

Metal nanoparticles (MNPs) are versatile
moieties useful for a variety of technological and medical purposes, from
catalysis to cancer therapy. To ensure
their functionality, it is important that
they remain stable as soluble particles,
avoiding aggregation and consequent
precipitation. The solubility of MNPs
is primarily ensured by the electrostatic charge that they bring upon strong
binding of the same citrate ions that are
used in their Turkevich synthesis, where
a metal salt is reduced to its metallic

state by a strong excess of citrate. The
nonreacting citrate anions chelate the
reduced metal atoms on the surface
of the aggregating metal, stopping its
growth to a nano-scale dimension.
Interestingly, the MNPs do not show
the same solubility properties in other environments—for example, MNPs
are thought to be soluble in the bloodstream, but are typically detected in
aggregated forms inside tissues. The
effect of the environment on the aggregation of MNPs is critical for their
functionality but cannot be easily determined experimentally. In fact, the
characterization of the density of citrates adsorbed onto the surface of MNPs
is also difficult, different experimental
estimates proposing values between
0.8 and 4.7 bound molecules per nm2
for gold MNPs.
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Figure 7: Phase diagram for a nanoparticle with a diameter of 36.9 nm as a function
of its charge density and of the ionic strength of the solution. Illustration from Ref. [5],
under Creative Commons licence (CC BY 4.0).

In our study [5], we first focussed on
the determination of a best estimate for
the charge of an MNP in the presence
of an excess of citrate. To this end, we
established a thermodynamic cycle for
the binding of one additional citrate
molecule to an MNP already containing
a number of citrates (Figure 6). Different
scales and resolutions were employed to
estimate the contributions to the binding free energy (from quantum-mechanical literature data for the metal-citrate
binding energy to continuum models
for the solvation free energies), yielding
an estimate of 1.3–1.5 citrate per nm2,
which is within the experimental range.
This estimate implies that the MNP has
a sufficiently high charge to be stable
in water, while retaining a sufficiently
large naked metallic surface to remain
active.
Having estimated the charge of the
MNP, we investigated the stability of
the dispersed phase, calculating the
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binding affinity of an MNP dimer by
combining coarse-grained molecular
dynamics simulations with umbrella
sampling. Additional simulations of an
MNP binding to an MNP dimer ruled out
the presence of synergic three-body effects during further aggregation. Calculations of the binding free energy were
repeated at increasing ionic strengths,
adding a progressively larger number
of Na+ and CI– ions to the simulations.
In this way, we determined a phase
diagram connecting the concentration of MNPs and ionic strength of the
environment to the tendency of MNP
to aggregate (Figure 7). Apart from the
expected correlation with the concentration of MNPs, we found that the ionic
strength has a nonlinear effect on the
phase-transition line. This is due to the
fact that mobile ions aggregate around
the forming MNPs dimer, creating a
multi-layered ionic cloud that may or
may not shield the total charge of the
system. Ultimately, the precipitation of

the MNPs correlates with the effective
ζ-potential produced by the MNP charge
and the ionic screening at the solvent
accessible surface.
This study was conducted by PhD student Sebastian Franco-Ulloa from the
Italian Institute of Technology (IIT) in
Genova, during two three-months visiting periods to Oslo under the supervision of Michele Cascella. The work
was proposed by Dr. Marco De Vivo, the
main PhD supervisor of Franco-Ulloa
at IIT, and done in collaboration with
the experimental lab of Dr. Pier Paolo
Pompa, also at IIT.

Personnel and funding
The work on temperature dependence
of enzymatic reaction rates will be continued for the next years by postdoctoral
fellow Susann Skagseth (to be hired
in January 2021), postdoctoral fellow
Bjarte Aarmo Lund, Prof. Johan Åqvist
(professor II at UiT). Ryan Wilkins began
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work as a PhD student in November
2019 and Bente Sirin Barge in January
2020, financed by the Toppforsk grant
of Bjørn Olav Brandsdal. A third postdoctoral fellow will be hired in 2021.
In 2020, master student Oda Hovet (Department of Biosciences, University of
Oslo) defended her master thesis Molecular dynamics studies on the essential
mitotic protein kinase – Aurora B, completed under the supervision of Assoc.
Prof. Nikolina Sekulic at the Norwegian
Centre for Molecular Medicine (NCMM)
and Michele Cascella. The collaboration
with the Sekulic group is being continued with molecular dynamics studies of
centromeric chromatin performed by
Dr. Xinmeng Li. Other ongoing collaborations with experimentalists at the
University of Oslo involve the groups
of Hylleraas affiliates Reidar Lund and
Ute Krengel.

In February 2020 Prof. Thereza Soares
(São Paulo University, Brazil) joined the
Hylleraas Centre for a sabbatical period.
Her visit was interrupted only a few
weeks later because of the COVID-19
pandemic. Nevertheless, her short visit
was sufficient to initiate a collaborative project on antimicrobial peptide/
membrane dynamics. Soares joins the
Hylleraas Centre in a professor II position from January 2021.
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"Ein Chemiker,
der kein Physiker ist,
ist überhaupt gar nichts."
Robert Wilhelm Bunsen
(1811–1899)

"A chemist
who is not a physicist
is nothing at all."
Quoted in J. R. Partington (ed.)
A History of Chemistry (1961),
Vol. 4, 282.
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Total Revenue and Expenditure

–

Total Revenue and Expenditure
(in man-years)

Funding (in NOK thousand)

2020

Basic funding as agreed in the Centre contract
Funding from Research Council (CoE grant)
Funding from home institutions
Total basic funding

15 551
9 816
25 367

Additional funding from external projects
Research Council funding

13 294

International funding

15 985

Public funding

764

Private funding

4 006

Total additional funding

34 047

Total funding

59 414
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Staff Report 2020
–
(in man-years)

2020
Professors and researchers

14.0

PhD Candidates

19.9

Postdoctoral Fellows

8.3

Visiting Researchers

2.1

Administrative and technical staff

4.4

All staff
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